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Analyses of human oral microbiomes reveal substantial amounts of information about
health, diet, and diseases of individuals and their communities within the archaeological record.
In order to examine bacterial genomes from the past, specific archaeological samples that contain
remnants of the microbial communities in question must be utilized. Recent developments in
high-throughput, next-generation DNA sequencing have enabled the characterization of entire
oral microbiomes and genomes from the remains of the bacteria trapped in calcified dental
plaque. This project analyzed samples of ancient human dental calculus from North and Central
America, which were examined for the changes within the oral microbiome in relation to the
adoption of agriculture. Additionally, the conditional presence of pathogens associated with an
increasingly agricultural and carbohydrate-rich diet was examined. The overarching goal was to
examine and determine the level of microbial shifts within the past oral microbiomes of North
and Central America, and by virtue of using the associated archaeological reports and analyses,
place the data into the proper context.
Three distinct sets of dental calculus were used for this Dissertation; The first is from
Indigenous samples (N=56), spanning from the Archaic to the Mississippian, recovered from

excavations in the Guntersville Basin in Northern Alabama. The second set is from a LateTerminal Classic Maya city center and satellite village in the Upper Belize Valley (N=11). The
final sample set comes from an archaeologically recovered early 20th century Cemetery near
Jackson Mississippi (N=12). After individual analyses, they are all examined along a temporal
axis to examine the effect of agriculture on the human oral microbiome. The findings from this
study have shown that oral microbiomes of the Americas were affected by the introduction of
agriculture, but remained biologically diverse. Because various subsistence strategies can shape
and affect the oral microbiome, the composition is seen to change over time. Our understanding
of the evolution of oral microbiomes throughout human history is more complex than previously
thought; there is no global trend for the oral microbiome, but is highly location dependent.
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CHAPTER I
INTRODUCTION
This dissertation aims to investigate samples of dental calculus and the reconstructed oral
microbiomes from several different subsections of ancient populations and time periods from
North and Central America. Dental calculus, the calcified form of naturally occurring dental
plaque, has had a resurgence in popularity within the fields of archaeology and microbiology.
This can be attributed to the wide variety of information that can be gleaned from this type of
sample; dietary analysis and phytoliths (Fox et al. 1996; Henry et al. 2011), biochemical markers
(Warinner et al. 2014a), proteins (Velsko et al. 2017), elemental isotopes (Scott and Poulson
2012), and aDNA (Adler et al. 2013; Preus et al. 2011; Weyrich et al. 2017a). The physical
makeup of these samples allows for the encapsulation of data, and the prevalence of calculus on
the molars leads to the preservation of it within the archaeological record.
Since this dental calculus is external and the removal is minimally destructive, ancient
DNA and associated data may be collected from a larger number of individuals from the ancient
and historical record than from previous destructive analyses. This makes dental calculus a very
valuable resource to researchers who are looking at the past through the lenses of a biomedical
anthropologist. DNA data can be collected alongside the traditional markers of osteology and
paleopathology. Health and disease patterns can be reconstructed and examined through proper
use of dental calculus samples. These samples, coupled with advances in next-generation
sequencing (NGS) technology has allowed for more information than ever to be garnered,
1

including microbiomes, metabolomes, and proteomes. This paleomicrobiology of dental calculus
has drawn the attention of modern-day researchers outside of the fields of just those with an
interest in paleopathology; to include geneticists who may be interested in the evolution of
individual preserved bacteria, pathologists for the possibility of tracking specific microbial
agents, and genes, and proteomics specialists who yearn to examine the ancient proteins. These
small time capsules afford the opportunity for a cast of characters and researchers to examine a
previously unreachable aspect of human health and the evolution of bacteria.
The Human Oral Microbiome
Just as dental calculus can reveal post-mortem information, analyses of human oral
microbiomes can reveal substantial amounts of information about health, diet, and diseases
present in living individuals (Buckley et al. 2014; Dewhirst et al. 2010; Wade 2013; Zarco et al.
2012). Just as skeletons are the remnants of living individuals, pieces of dental calculus are the
remnants of the once living oral microbiome. The oral microbiome is one of the most
biologically diverse microbiomes in the human body, and it is heavily colonized by different taxa
of microorganisms (Aas et al. 2005; Bik et al. 2010; Dewhirst et al. 2010; Wade 2013). There are
500 to 1000 (Aas et al. 2005; Chen et al. 2010; Dewhirst et al. 2010; Zarco et al. 2012) known
bacterial, viral, and fungal species present in a given oral microbiome at any one time. Bacteria
that are normally found in the oral cavity are mostly commensal, and play an important role in
the maintenance of health (Wade 2013), but the microbial biodiversity and pathogenicity can be
drastically altered during times of dysbiosis (Jiao et al. 2014).
Oral microbial biodiversity can also be affected by outside factors such as diet (Gomez
and Nelson 2017; Takahashi and Nyvad 2011), nutrients (Bryan et al. 2017; Hyde et al. 2014),
and location within the oral cavity and teeth (Nasidze et al. 2009). Diet in particular exerts a
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large effect on the oral microbiome and oral health, as the diet is the vector by which nutrients
arrive in the oral cavity. High sugar diets can lead to pathogenicity and microbiomes
characterized by caries-causing bacteria (Marsh 2003; Touger-Decker and Van Loveren 2003).
The oral cavity itself is not a single microbiome, but rather, is composed of various smaller
micro locations, each potentially having a distinct microbial composition (Bowen et al. 2018;
Dewhirst et al. 2010).
Dental Plaque and Calculus
The bacteria and other inhabitants of the oral cavity are not just floating around in the
saliva, but colonize the surfaces in the mouth. After attaching to the surfaces of the teeth or oral
tissue, they can begin to form bacterial biofilms (Zijnge et al. 2010), which allow for increased
survivability (Jefferson 2004). The biofilm aids in the creation of a favorable habitat for bacteria,
and potentially allows for additional bacterial growth, and the transport of metabolizable
products (Flemming and Wingender 2010). Biofilms forming on the surfaces of teeth, are
sometimes visible, and are known as dental plaque (Aas et al. 2005). These biofilms are naturally
found in all humans, although they are present to varying degrees (Gibbons 1989; Rosan and
Lamont 2000). During this phase, other bacteria, phytoliths, chemicals, biomarkers, or proteins
that are within the oral cavity can attach to, or get trapped in, the biofilms (Bowen et al. 2018).
Over time, as the plaque becomes denser it comes into contact with more and more
minerals, such as calcium phosphate, through interactions with the tongue and saliva (Schroeder
and Shanley 1969). Exposure to these minerals leads to dental plaque calcification through a
little understood process, which results in a calcium matrix containing the bacteria and all
trapped markers (Adler et al. 2013; Warinner et al. 2015b). Then, subsequent bacterial
colonization follows, leading to a buildup of calculus during the life of the individual. Since
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there is no biological removal, or dissolution, process for dental calculus, it will remain attached
to the teeth unless physically disturbed. Analysis of dental calculus is one of the only known
ways that preserved bacteria can be retrieved from historic and archaic humans (Adler et al.
2013). Due to their density and composition, teeth tend to be relatively well preserved in the
archaeological record (Adler et al. 2013; Devault et al. 2014; Hillson 1996; Hillson 2005).
Therefore, if dental calculus is present during life, it tends to preserve post-mortem as well.
Archaeological samples and collection
For this dissertation, samples of dental calculus from three main collections were
sampled for the purposes of DNA extraction and metagenomic analysis in the hopes of
reconstructing the ancient and historic oral microbiomes. The samples of dental calculus were
collected with permission of the curating facilities and coordinators of each collection at the
various institutions. No samples were collected directly from an archaeological site, but from the
osteological collections or active processing laboratories. The physical collection of these
samples occurred on-site at the archival locations for each sample collection. A collection hood
and materials were transported and dental calculus samples were collected individually. The
laboratory procedures and processing occurred in The Gilbert Group, at the Centre for
GeoGenetics in the University of Copenhagen (Københavns Universitet), in Copenhagen,
Denmark.
Native American samples
Samples of Southeastern Native American dental calculus, spanning a period from the
Archaic to the Mississippian, were collected from The University of Alabama, from the
osteological collection overseen by Dr. Keith Jacobi. These were from several sites in Northern
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Alabama and were originally excavated during the 1930’s and 1940’s under the TVA
archaeological digs that occurred during the New Deal (Lyon and Austin 1982). Most of these
sites were from the Guntersville Basin, where a dam was to be constructed, and therefore the
burials were excavated. These were performed by large crews of archaeologists and were
overseen by William S. Webb and Tennessee University (Webb 1948; Webb and Wilder 1951).
One additional sample was collected at Mississippi State University from the Russell Cave
(Griffin 1974) site and was sampled with the permission of Dr. Nick Herrmann, currently at
Texas State University.
Maya Samples
Dental calculus, dating from the Preclassic to the Terminal Classic periods, was sampled
from Maya burials from the Upper Belize Valley in Belize by three separate projects.
Excavations at the Xunantunich and San Lorenzo sites occurred during the 2012-2016 field
seasons of the Mopan Valley Preclassic Project, directed by M. Kathryn Brown, by researchers
Victoria Ingalls, Whitney Lytle, Tiffany Lindley, and Catherine Sword (Brown and Yaeger
2019). Excavation of the Structure A9 tomb in 2016 at Xunantunich was supervised by Jaime
Awe (see Slocum 2017). Two samples were from burials recovered by the Xunantunich
Archaeological Project between 1992-1997 (Adams 1998). The samples were collected from the
University of Mississippi, from the osteological collection curated by Dr. Carolyn Freiwald.
New Salem Cemetery
An additional set of historic dental calculus from the early 20th century was sampled from
the University of Mississippi, from the burials removed from an Historic cemetery that were
temporarily housed at the University of Mississippi and curated by Drs. Carolyn Freiwald and
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Tony Boudreaux, before being re-interred. The burials were recovered from the New Salem
Cemetery in Clinton, MS, in 2017 as part of a CRM project to mitigate the construction of a new
commercial manufacturing plant. The aDNA analysis of this site will be incorporated into the
larger project reports that are examining the overall health and disease, isotopic analyses, and
ancestry and genealogy of the individuals who had been interred at this cemetery (Boudreaux et
al. 2018).
Dissertation goals
This project has been a labor across multiple departments, universities, and countries;
from Mississippi State University where I am a doctoral candidate in microbiology, to The
University of Alabama and the University of Mississippi, where I collected samples and
collaborated with osteologists, to the University of Copenhagen where I spent a year as a part of
a fellowship working in the ancient DNA research group. This multi-disciplinary effort
demonstrates the effectiveness of utilizing multiple perspectives and subject-matter experts for
transformative research.
While the overarching goal of the project is the examination and quantification of shifts
within the oral microbiome in the past, this study will also address multiple research questions
specific to each sample set. Some specific research questions are: 1. How have the composition
of human oral microbiomes changed in response to agricultural intensification? 2. How have
pathogen loads in the oral microbiome changed over time, specifically over the past 5,000 years?
3. Are the changes that occurred in the oral microbiome in the Southeastern United States similar
to other areas in the world where agricultural intensification had previously occurred?
This dissertation showed the microbial landscape of the ancient Americas is well suited
to exploration. For instance, Chapter Three shows data from Native American populations across
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5 sites in the Tennessee River Valley, spanning several thousand years, from the pre-ceramic
Archaic period to the agricultural Mississippian period. Chapter Four goes on to describe
comparisons between Maya populations; from a medium-sized city to a small farming
community situated on its outskirts. Chapter Five examines the oral microbiomes of an historic
mixed-population and mixed-socioeconomic status cemetery in the post-Reconstruction southern
United States, an area and time where infectious disease was rampant, and there was unequal
distribution of goods and nutrition. Finally, in Chapter Six, comparisons are drawn between the
three groups in order to examine the overall biodiversity of the oral microbiomes of the
Americas. While each of these groups is fascinating to examine in their own right, comparisons
between the samples may reveal how different groups adjusted to the intensification of
agriculture, one of the most impactful social and biological transformations to occur in human
history (Armelagos and Harper 2005a; Cohen and Armelagos 1984; Harper and Armelagos
2013).

7

CHAPTER II
LITERATURE REVIEW
When next-generation sequencing technologies gave researchers the ability to discover
unculturable microbes in the 1980s, interest in quantifying microbial communities of the various
human microbiomes quickly followed. The Human Microbiome project began in the 2000’s with
the goal of characterizing the diversity of the human microbiomes (Turnbaugh et al. 2007).
Following this, microbiome research into the gut (Clemente et al. 2012), oral (Chen et al. 2010;
Wade 2013), skin (Byrd et al. 2018), vaginal (Vasquez et al. 2002), amongst others, began to
appear and diversify. During this expansion of research in microbiomes, it was inevitable that the
oral microbiome would be a well-wrought area of exploration, and from there it was only a short
jump across the academic aisle for microbiologists and bioinformaticians to collaborate with
archaeologists in order to examine the oral microbiomes of past humans.
The Human Oral Microbiome
The human oral microbiome is a dynamic environment, or actually, a collection of
several distinct microenvironments. These include the surface of the teeth, the gingival sulcus,
the supragingival and subgingival areas, the hard and soft palates, the tongue, the cheeks, and the
lips (Dewhirst et al. 2010; Zarco et al. 2012). Each distinct environment forms its own niche, and
the microorganisms present in the oral cavity differentially colonize surfaces (Aas et al. 2005).
The differences in both the substrate and the bacterial adhesins cause each microenvironment in
the oral cavity to harbor different types of bacteria (Gibbons 1989; Zarco et al. 2012). This is
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because the adhesins bind to both saccharide receptors, as well as acidic proline-rich proteins
(PRPs), which are present on the surface of the teeth. These binding sites on the proteins assist in
the attachment of biofilms and plaque forming bacteria (Gibbons 1989). The biofilm aids in the
creation of a favorable habitat for bacteria, and potentially allows for additional bacterial growth
as well as the transport of metabolizable products (Flemming and Wingender 2010). While this
biofilm is always present, too much dental plaque can lead to dental pathologies such as
gingivitis, periodontitis, and dental caries (Haffajee et al. 2008; Holt and Ebersole 2005; Kumar
et al. 2003; Loesche 1986; Rosan and Lamont 2000; Socransky et al. 1998).
The colonization of the oral cavity by commensal bacteria prevents external, potentially
pathogenic bacteria from establishing a presence. When disruptions occur to the normal oral
flora, opportunistic pathogens can quickly colonize, and lead to infection (Dewhirst et al. 2010;
Wade 2013). Pathobionts, which are opportunistically pathogenic bacteria, can quickly adapt and
colonize during periods of dysbiosis or during later stages of biofilm formation (Jiao et al. 2014;
Velsko et al. 2019). One of these species is Streptococcus mutans (Gibbons 1989; Linossier et al.
1996), a commonly present cariogenic bacterium. This rise in microbial pathobionts and
pathogens can lead to cases of periodontitis (Aas et al. 2005; Holt and Ebersole 2005; Jiao et al.
2014), endodontic infections (Siqueira Jr et al. 2016; Tzanetakis et al. 2015; Wade 2013), dental
caries (Costalonga and Herzberg 2014; Loesche 1986; Winter 1990), or increases in non-oral
disease such as Crohn’s disease (Said et al. 2013) or atherosclerosis (Koren et al. 2011; Slocum
et al. 2016). Therefore, normal commensal diversity of this microbiome plays a role in
maintaining health and preventing disease.
Although the oral cavity constitutes a distinct microbiome, this area is contiguous with
several other microbial communities in the head and upper thoracic cavity such as the tonsils, the
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pharynx, the esophagus, the trachea, the nasal passages, and the sinuses (Dewhirst et al. 2010).
Because of these connections to the somatic microbiomes, the oral microbiome can affect cardiac
(Meurman et al. 2004) and overall systemic health.
Dental Plaque and Calculus
As the biofilm on the teeth matures, the denser and lower layers die, and are subsequently
colonized over, and are kept within the lower levels of the matrix. In this manner, bacteria that
are present are preserved in the dental plaque once it has calcified into dental calculus (Figure
2.1). While it does build up over time, it is important to note that mature dental calculus is not
the same as a newly formed biofilm (Velsko et al. 2019), as there are differences between early
and late colonizers.
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Figure 2.1

Images of Dental Calculus on teeth

Images of dental calculus that was sampled for this study. 2.1A: Image of dental calculus on a
molar, note the crown of the molar is worn down due to use. 2.1B: Photo of dental calculus from
two mandibular incisors. The tooth itself was conjoined. 2.1C: Photo of a mandible, on which
dental calculus can be observed on each tooth.

Formation of dental calculus and microbial preservation
Through constant exposure to the ions present in saliva (Schroeder and Shanley 1969),
dental plaque becomes calcified and the bacteria are eventually locked into a matrix, similar to
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bone (Adler et al. 2013; Warinner et al. 2015b). This is a continual process; when the dental
calculus has solidified, more bacteria colonize the surface and start over again as a sort of
biological palimpsest. In this manner, bacteria that are present are preserved in the dental plaque
once it has calcified into dental calculus. Dental calculus is one of the only ways that preserved
bacteria can be retrieved from historic and archaic humans (Adler et al. 2013). Figure 2.2 is
demonstrative of this, it shows a sample of dental calculus under SEM imaging, and under
magnification, bacteria can be seen. Due to their density and composition, teeth tend to be
relatively well preserved in the archaeological record (Adler et al. 2013; Devault et al. 2014;
Hillson 1996; Hillson 2005). Therefore, if dental calculus is present, it tends to preserve as well.
This combination of archaeological and biological preservation makes teeth a useful avenue for
bioarchaeological research examining oral microbiomes, dietary composition, and oral health in
the past.

Figure 2.2

Scanning Electron Micrograph of Dental Calculus

2.2A: Dental calculus on a layer of carbon adhesive tape (60X). 2.2B: Dental calculus, where
preserved bacteria can be clearly seen (9,000X). Imaged on a JEOL 2100KV SEM at I2A.
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As a recent paper by Velsko et al. (2019) has shown, living dental plaque is not the same
as solid samples of dental calculus, due to the differences in early vs. late bacterial colonizers.
This paper showed that the presence of a pathogenic bacterium is not necessarily an indication
that this bacterium is causing disease. They include as an example the red complex, the
association of three bacteria, Porphyromonas gingivalis, Tannerella forsythia, and Treponema
denticola, which when present together can cause particularly aggressive periodontal disease
(Holt and Ebersole 2005). The authors explain that if present, these bacteria may merely be late
colonizers on the samples of calculus, and members of an individual’s oral flora. They may not
have the conditions necessary to cause disease. Therefore, the presence of the disease-causing
bacteria does not equate to the presence of the disease itself. Thus, caution must be utilized
when analyzing and interpreting results, but by bearing this in mind, we can also hold the idea
that pathogenic species can be normally present in a microbiome and not cause pathogenesis. As
within the modern oral microbiome, or gut microbiome, there are multiple bacterial species that
cause disease only opportunistically; these must be presented with the right conditions to cause
pathogenesis and disease (Costalonga and Herzberg 2014; Hsiao et al. 2012).
Analysis of Dental Calculus
Since dental calculus is a versatile archaeological sample, it can be analyzed in multiple
ways; either by examining the physical makeup, the biochemical contents, or the DNA preserved
within it. Each analysis provides differing data, and so an analytical choice must be made,
depending on the questions being asked in a particular study. Unfortunately, each method of
analysis is destructive for the sample of dental calculus, and as of now, there are no
methodologies to use multiple analytical types from a single sample. This can be mitigated by
splitting a larger sample into multiple pieces, or using multiple samples from the sample
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individual, and then testing each one independently. In this manner, multiple analyses can be
linked together to form a holistic picture for a single sample.
Physical Analysis
Some of the first papers within the human archeological literature that analyzed dental
calculus as a substance on its own, rather than as a pathology, examined samples for their
presence of phytoliths (Fox et al. 1996). Phytoliths are the rigid silica structures that develop
internally within plant cells These are typically extracted with an acid washing protocol that
dissolves the dental calculus (Boyadjian et al. 2007). The phytoliths are then examined under
electron or confocal microscopy in order to identify them to the family or genus levels, or in
some cases to the species level (Ball et al. 1999). Fox et al. (1996) was one of the first papers to
examine this, and did so by looking at samples of dental calculus from a Late Roman necropolis
in Spain. By examining both dental calculus and related soil samples, they showed that there was
marked difference in composition; in effect the dental calculus did not preserve all phytoliths
present in an area at a time, but rather those related to diet. This has also been expanded out to
our related species, the Neanderthals. In 2011, Henry et al. examined Neanderthal dental calculus
from Iraq and Belgium, and were able to show that they ate a fairly varied diet, including food
items that were edible, but had fallen out of favor with local human populations. They were also
able to demonstrate, through the differences in morphologies, that there was some level of
cooking of the food stuffs before consumption (Henry et al. 2011). Power et al. (2018) recently
examined Neanderthal phytoliths from sites in the Balkans and Mediterranean, and established a
new metric to estimate how many plants types are present in a population. They found that the
plant foods use by Neanderthals were highly dependent upon location; warmer climates saw a
broader diversity in plant-based dietary remains.
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Additional physical analyses have included measuring dental calculus for physical
inclusions other than phytoliths (Radini et al. 2017). In 2011, Blatt et al. examined Late
Woodland samples of dental calculus from Ohio, and among the bacteria and phytoliths, cotton
fibers were identified. Fibers were identified as cotton, despite the lack of cotton production
anywhere near to the site at the time, and were dissimilar to any locally produced materials (Blatt
et al. 2011). Identifying the cotton as immature fibers, they suggest that the material came from
the Sonora Desert region, and was evidence of long-distance trade relations. They suggest that
the fibers became incorporated into the calculus during preparation of the cotton for production
when the cotton was pulled by hand, and anchored by the mouth (Blatt et al. 2011).
Recently, a paper by Radini et al. (2019), examined dental calculus with an eye towards
identifying women’s involvement in the production of manuscripts in the European Middle
Ages. They examined the dental calculus of women from a church-monastery complex from the
12th century. Physical microscopy and micro-Raman spectroscopy revealed an individual that
had microscopic fragments of lapis lazuli embedded in her dental calculus. Lapis lazuli pigment
is bright blue, and at the time was one of the most expensive trade goods utilized in manuscript
preservation. The authors hypothesized that this individual was a talented scribe within a
religious order, and that the blue pigment may have been entrapped in the dental calculus when
the individual may have licked or inserted the tip of a brush into the oral cavity to create a fine
point (Radini et al. 2019).
Biochemical Analysis
In addition to the physical analysis, biochemical analysis, specifically that of massspectrometry for the purposes of examining proteomes, has recently emerged. Identification of
biomarkers within calculus has become an interesting methodology to aid in dietary
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identification and reconstruction. In 2014, Warinner et al. conducted a study examining dental
calculus for β-lactoglobulin, whey protein, and a biomarker of milk. Using tandem mass
spectrometry, they were able to identify this protein in dental calculus from individuals in the
Bronze Age (3000 BCE) as well as in a Norse colony from Greenland. In this population, they
found that the biomarker decreased over time, from the establishment until the ultimate
abandonment of the colony in the 15th century. The authors proposed that the diminishing
presence of the biomarker was evidence that one of their major food sources was disappearing
(Warinner et al. 2014a).
Several years later, Velsko et al. (2017) used ultra-performance liquid chromatographytandem mass spectrometry to characterize the entire human dental calculus metabolome. Using
modern and archeological samples, with associated oral health data, they identified metabolites
such as amino acids, peptides, lipids, carbohydrates, and nucleotides. Comparison revealed
differentially abundant metabolites between the two sets of samples; modern samples were more
distributed when examined on a PCA figure. They also suggest that the presence of 2hydroxylated lipids can indicate modern samples of dental calculus, as they were absent in
historic calculus while 3-hydroxylated lipids were more present (Velsko et al. 2017).
Hendy et al. (2018) analyzed shotgun metaproteomic data from 100 archaeological dental
calculus samples to examine diet. They recovered milk proteins, as well as proteomic evidence
of cereals and different plant products. They went on to discuss the difficulties inherent to
ancient proteomics, and that while diet-related data could be recovered, significant hurdles still
need to be overcome (Hendy et al. 2018).
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Ancient DNA Analysis
Ancient DNA (aDNA) is now a focus for some researchers, as it can allow for delving
into the genome of a particular individual, species, or associated microbiome. But aDNA
recovery is destructive and requires specialized laboratories. In 2019, Spyrou et al. reviewed the
field of ancient pathogen genomics as it stands and found the literature has multiple
reconstructed genomes of historically-relevant pathogenic bacteria such as Yersinia pestis,
Mycobacterium tuberculosis, Vibrio cholerae, Tannerella forsythia and Mycobacterium leprae.
They advocate the use of these genomes as molecular fossils to track evolution and enrich
modern day bacterial taxonomies. They state that modern research has also shown evidence of
bacterial lineages that have died off, and that these are important to microbial phylogeography
and the understanding of processes that influence pathogen distribution and diversity.
When it was realized that DNA could be recovered from dental calculus, this opened up
new avenues of research. In 2011, a team in Norway positively identified DNA within dental
calculus through the use of gold-labeled antibody TEM (Preus et al. 2011).While they did not
sequence this DNA, it opened a door to the eventual sequencing and analysis of aDNA from
dental calculus. Recent studies examining dental calculus are present at the forefront of an
exciting new frontier in bioarchaeological and paleopathological research (Warinner et al.
2015b). Currently, 16S and metagenomic sequencing have allowed researchers to examine
ancient oral microbiome compositions from dental calculus (Warinner et al. 2015a). Ziesemer et
al. (2019) examined the feasibility of extracting human aDNA from this material, and while they
were able to capture four-fold enrichment using whole genome enrichment, the proportion of
endogenous DNA to external DNA is low so other sources are recommended for examinations of
human aDNA.
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By utilizing the data garnered from the oral microbiome, a variety of topics can be
examined from analyzing composition of ancient oral microbiomes, to the examination of
specific microbial evolutions. Warinner et al. (2014b) analyzed dental calculus with their goal
being the reconstruction of a pathogenic genome, and the identification of protein compounds
and biomarkers related to antibiotic resistance. For this, they used a combination of massspectroscopy, 16S rRNA, and shotgun metagenomics methodologies. They examined several
samples of dental calculus from four adult skeletons with periodontal disease from Germany
dated to 950-1200 CE, and from nine clinical samples from modern individuals with known
dental histories. Their analyses led to the reconstruction of the Tannerella forsythia genome,
identification of compounds with homology to modern antibiotic resistant molecules, and dietary
information.
Other research takes a more microbial ecology-based approach and examines the oral
microbiome for its structure in relation to other microbiomes, and to factors that may have
affected it, such as time, societal changes, and subsistence patterns. Adler et al. (2013) published
the first paper that looked specifically at the effects of agriculture on the human oral microbiome,
using samples of dental calculus. Their goal was to examine the shifts in oral microbiome
composition from before and after two major subsistence pattern changes: the Neolithic
revolution, or agricultural intensification, and the Industrial Revolution. Using 16S sequencing,
they examined thirty-four individuals from Europe spanning 10,000 years, from the Mesolithic to
the Late Medieval period. They were able to observe taxonomic shifts in oral microbiome
composition that correlated with the two revolutions. The first shift occurred during the transition
from various foraging to agriculture, which correlated with an increase in periodontal disease and
dental caries. From this period to the pre-Industrial Revolution period, the microbiome remained
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fairly stable with regards to diversity. The next large shift occurred at the Industrial Revolution,
when food-processing technologies changed drastically. The microbiome experienced a
significant drop in biodiversity at this point, with an increase in the presence of potentially
cariogenic bacteria, such as Streptococcus mutans (Adler et al. 2013). They also found that
modern dental calculus was markedly less phylogenetically diverse than any of the other time
periods examined. They concluded that the diversity of the oral microbiome has decreased over
time, with a sharper decrease during periods of decreasing dietary complexity (Neolithic
Revolution) and increasing concentrated simple carbohydrate content (Industrial Revolution)
leading to increased pathobiontic bacteria.
Weyrich et al. (2017b) wrote about the Neanderthal diet and diseases that could be
inferred from dental calculus aDNA. They used samples from Belgium and Spain, two areas
where Neanderthal diet was suspected to have differed. Using shotgun metagenomics, they were
able to identify parts of the diet, and confirm that the samples from Belgium had a mostly meatbased diet, whereas the Spanish samples had a more diverse plant and fungi-based dietary
composition. They also reported on the biodiversity, and that there were fewer potentially
pathogenic species present in the Neanderthal oral microbiome than in the modern human
microbiome. Further, the authors reported that they had reconstructed the oldest microbial
genome to date, that of Methanobrevibacter oralis from 48,000 years ago (Weyrich et al. 2017b).
Ancient DNA Laboratories
Ancient DNA is typically processed in a type of ancient DNA laboratory (Figure 2.3) in
order to minimize any risk of contamination of samples (Knapp et al. 2012), as well as deal with
the specialized problems inherent with aDNA itself (Fulton 2012). The goal is to never introduce
modern amplified DNA into the inner working space of these laboratories in order to prevent
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exposing sterile, or rare, samples to modern contamination. PCR can never occur in this
laboratory, and most new aDNA labs are built in separate buildings that have never housed a
modern laboratory. Specific entrance and exit procedures are required to maintain the
contamination-free nature of these working spaces. All entrants must wear specific PPE
including a full body suit to prevent contamination (Figure 2.3A), and work must be both
preceded and followed by cleaning, with most laboratories also having an additional weekly
thorough cleaning (Fulton 2012).
These aDNA laboratories typically follow a consecutive three-room setup, wherein
entrance to one room is dependent on entrance from the previous (Knapp et al. 2012). aDNA labs
are air-conditioned and have positive pressure rooms with HEPA filters, as well as UV light
sources. Class II biological safety cabinets (BSCs), freezers and refrigerators, and other standard
DNA laboratory equipment such as vortexes, centrifuges, heat blocks, rotators, and pipettes that
have never been used in a modern lab are required (Figure 2.3). Typically, one room is set up as
a drilling and processing room, a space where sterile compartments of bones and samples can be
opened and material removed. Effectively, these laboratories are modern molecular biology
laboratories that have never been used as such.
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Figure 2.3

Human aDNA laboratory at UCPH

2.3A: Photo of the author in the ancient DNA laboratory at the University of Copenhagen,
Denmark, demonstrating working conditions in a BSC. 2.3B: Photo of the main lab room of the
aDNA laboratory. aDNA labs have separate freezers and equipment to prevent contamination by
modern samples. The door pictured leads to the anteroom where the PPE must be properly
removed to exit.

Difficulties with Ancient DNA
The first difficulty of working with ancient DNA is the issue of contamination, from
before processing through analysis, and can be introduced in the laboratory or at the point of
collection (Fulton 2012; Yang and Watt 2005). Contamination can lead to false positive results
or to the overestimation of DNA quality or concentration of extracts. Laboratory protocols are
used to prevent contamination of the DNA, but in the case archaeological sampling,
contamination can be introduced during recovery (Yang and Watt 2005). While this will
probably not be eliminated, this type of contamination can be lessened with field protocols, such
as not cleaning samples that are to be processed, and storing them away from modern reference
specimens (Yang and Watt 2005).
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Another main source of difficulties, and possibly the most important, is the ancient DNA
itself. DNA preservation is highly temperature dependent and as the DNA degrades over time
(Allentoft et al. 2012), the molecules break down and effective DNA read length decreases
(Fulton 2012). Downstream from extraction, this affects depth of coverage (Warinner et al.
2015a), and estimation of microbial biodiversity (Rivera-Perez et al. 2016). This normal
degradation, in conjunction with strand breakage from nuclease activity and degradation from
microorganisms, results in short reads of DNA surviving, typically fewer than 100 base pairs
(bp) per fragment (Fulton 2012; Poinar et al. 2006). Miscoding due to depurination or
deamination can occur, and cause read errors, or erroneous stops during amplification (Fulton
2012). While this is less of an issue during the analysis of data generated from shotgun
metagenomic preparations, this was a major issue from 16S generated data if there was damage
in the 16S region of a genome. Crosslinking can also be an issue, decreasing the amount
recoverable DNA. While specific methods (Fulton 2012) and programs such as mapDamage 2.0
(Jónsson et al. 2013) and SourceTracker (Knights et al. 2011) have been developed to deal with
some of these problems, they continue to plague aDNA research and hinder progress.
All of this damage and degradation can lead to low concentrations of aDNA in extracts
from a particular sample. While this might not be a problem when aDNA is extracted from
pulverized bone, if one extraction is too low another can be processed from the remaining
material, it becomes an issue with dental calculus. With respect to dental calculus, individual
pieces can be small, and must be processed as a single piece for enough recoverable DNA. This
can be mitigated by pooling multiple samples from the same individual, but this might not be
feasible depending on the skeletal recovery. Large enough samples may be broken into pieces for
complementary sequencing, or by combining different modes of analyses. One final problem is
22

the eventual lack of samples and potential lack of access. Each of these samples are unique, and
once sampled for a single research project, cannot be sampled again. As aDNA work expands
and more samples are taken, there remains fewer and fewer samples with which to work.
Therefore, the research that comes from the sampling of dental calculus must strive to follow the
appropriate guidelines, methodological protocols, and to maximize the properly analyzed
information from the accumulated data, in order to demonstrate the full accountability and
capability of the researcher and the project. Well-practiced research provides the opportunity to
demonstrate the viability of this type of work and allows for increased collaboration.
The Agricultural Revolution
The invention of agriculture demonstrably changed the life of humans at the time. For
societies that practiced agriculture, came a large-scale transition in food gathering practices. This
resulted in the first main shift in subsistence patterns, as resulted in the changing of activities as
well as dietary intake. Agriculture began with the cultivation of specific plant species, typically
grains or cereals (Diamond 2002; Iriarte 2007; Zeder 2015), which were then planted and
harvested. Preferential plant selection led to permanent phenotypic changes as humans selected
plants that were more favorable, had more kernels, fewer seeds, or larger fruits (Diamond 2002;
Zeder 2015). Agriculture itself was one of multiple factors that led to modern society, leading
towards larger populations, denser areas, and increased social complexity
The Effects of Agriculture
Prior to the Neolithic revolution, all humans were hunter-gatherers or foragers, acquiring
their food daily from the surrounding environment. Early gathering and hunting methodologies
yielded diverse plant and animal-based diets containing mostly complex carbohydrates.
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Eventually, plant domestication was developed and these practices spread quickly. Agriculture
originated around 10,000 years ago in the Old World, and quickly spread (Cohen 1977; Eshed et
al. 2010; Zohary and Hopf 1973), whereas in the New World, it began in Central America
around 8,000 years ago (Piperno and Fritz 1994; Piperno et al. 2009). The adoption of agriculture
imparted several benefits; fewer individuals needed to search for food freeing up labor,
agriculture could produce more food that previous strategies, and populations could increase.
This subsistence transition, from foraging to agriculture also had certain disadvantages.
One was the reliance on a staple set of crops. Most crops that were domesticated were easy to
grow grains and cereals, which were often higher in carbohydrates and simpler sugars than their
uncultured brethren (Halford et al. 2011). This increased the amount of simple sugars that were
ingested by the local populations. One of the reasons for this was the increase in carbohydrates
within an agricultural society due to the focus on cereals and grains. Additionally, since there
was a reliance on certain crops, the diet tended to shrink in scope becoming narrower than the
diets during foraging periods. Previously, this transition has only been examined in Africa and
Europe, but this shift in subsistence has occurred independently in multiple locations, including
within the Americas. This period is one where the dietary intake of humans changed drastically,
and the oral microbiome can be affected in a similar manner. This microbial landscape should
therefore be of interest to archaeologists and anthropologists, as it offers data heretofore not
examined.
According to previous papers, the intensification of agriculture had an overall negative
effect on the human oral microbiome. Under the assumptions that preagricultural populations
ingested low amounts of cereals and processed sugars, they have displayed a lower rate of dental
caries, when compared to modern populations that have a sugar-rich diet and exhibit high levels
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of caries (Adler et al., 2013). Agriculture also correlated to a decrease in the overall biodiversity
of the oral microbiome, and a sharp increase in the prevalence of pathogenic bacteria, resulting
in the increase of caries and other dental pathologies (Adler et al. 2013; Warinner et al. 2015b).
But recent research has called for more caution; a meta-study by Markelin et al. (2019),
examined dental lesions from both hunter-gatherer and agricultural groups and found that there
was significant overlap between populations. They argue dental caries are not necessarily tied to
the subsistence pattern, but are highly dependent on the crops and food consumed, and that
overarching trends are difficult to prove. Therefore, studies should focus on smaller-scale
explanations.
Furthermore, it is important to realize that the individuals with dental calculus are not
necessarily representative of normal populations, and can be indicative of peoples with a risk of
premature death (Yaussy and DeWitte 2019). Calculus is a dental pathology, and since it can be
related to systemic health problems (Koren et al. 2011; Meurman et al. 2004), can be a risk for
premature mortality. Yaussy and DeWitte (2019) found that the presence of calculus in a large
sample from Medieval London, was an indicator of decreased survivability. Individuals with
dental calculus had a higher risk of death, and this unequal survivorship must be kept in mind
during the analysis and discussion of results. The samples of dental calculus came from
individuals who died with dental calculus, and may have had greater risks of death and
underlying frailty. This selective mortality may have had an effect on which individuals died,
and should be considered during data analysis and interpretation.
The 1st Epidemiologic Transition
Alongside the subsistence transition during the Neolithic Revolution, was the first of the
Epidemiologic Transitions (Harper and Armelagos 2010; Harper and Armelagos 2013; Omran
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1971). During periods where humans exhibited hunting and gathering, life expectancy was low,
humans formed small populations of mobile groups, and there were high birth and death rates.
Eventually, humans developed agriculture, and were able to produce more food in a single area
than in a mobile environment. Agriculture introduced food sources that were capable of being
stockpiled and stored, and this allowed for the beginnings of social stratification (Harper and
Armelagos 2010).
At this point, human populations began to shift in previously unseen ways. The smaller
mobile groups of humans began to settle in fertile areas, and saw populations eventually grow in
size as the birth rate increased, and the death rate fell. Infectious diseases, that previously may
not have affected small mobile populations began to take a toll (Harper and Armelagos 2013).
This increased density makes the transmission of disease much easier, due to close contact, and
easily contaminated water supplies (Armelagos et al. 2005). In areas where humans domesticated
animals, zoonotic diseases began to make the transition from host to humans (Zuckerman et al.
2014). This period marked not only an important shift in the acquisition of food, but also the
biological landscape. Populations experienced growth, the introduction of new diseases tied to
diet and increasing urbanism, and the beginnings of cultural stratification.
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CHAPTER III
NATIVE AMERICAN SAMPLES
Introduction
Native peoples have been living in the Southeastern United States, for several thousand
years, during which archaeology has shown that the artifacts, lifeways, subsistence strategies,
and culture has changed and evolved (Scarry and Scarry 2005). Within the Southeast, modern
archaeologists recognize several main phases, the Clovis, the Archaic, the Woodland, and the
Mississippian (Anderson and Sassaman 2012). Throughout these times, various stylistic and
functional changes have been observed within the archaeological record, leading to typologies,
which in conjunction with stratigraphy, have been used to date artifacts and sites. Because of the
diversity of cultures and artifact traditions, there are differences in the timelines within the
Southeastern United States, as some areas may have adopted technologies and traditions at a
different time from others, and strict chronologies based strictly off of artifacts can be difficult
(Feathers and Peacock 2008). As such, the dates for the time periods are chronological
approximations.
Within the United States, the Clovis stage began around 14,000 years ago with the
introduction of specific types of lithic tools and artefacts (Gilbert et al. 2008). As people
migrated through the continent, populations of Clovis peoples settled in the Southeast,
establishing localized pockets of populations (Smallwood 2012). The next stage, The Archaic
period began around 4000-3000 BCE and lasted until 1000 BCE. Here, the Archaic was
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characterized by the use of bone and lithic (stone) artifacts and tools, as well as a nomadic
lifestyle with a fairly diverse diet from gathering, hunting, and fishing (Ellis et al. 1990). By the
end of the Archaic, pottery was spreading through the Southeastern Woodlands (Moore 2002) ,
and the select cultivation of local crops began.
The Woodland periods lasted from the 1000 BCE until 1000 CE. The Early Woodland
(1000-200 BCE) began the introduction of fiber-tempered ceramics, and the increase of
cultivation, and the subsequent decrease in nomadic movement (Anderson and Sassaman 2012).
Settlements started to appear with more dense populations. The Middle Woodland (200 BCE – c.
500 CE) and Late Woodland (c. 500-900 CE) periods showed a variety of changes; an increase
in plant cultivation; the introduction of new ceramic tempers, grit and sand in the an Middle
Woodland , and limestone in the Late Woodland; and the introduction of new technologies such
as the bow and arrow (Jenkins and Krause 2009; Rafferty 1996; Walthall 1973).
The Mississippian period ranged from approximately 900 to 1600 CE, and was associated
with the prevalence of shell-tempered pottery, the introduction of more dedicated maize-based
agriculture, and increasing sedentism (Blitz 2010; Jenkins and Krause 2009; Rafferty 1996). The
Early Mississippian is in part, defined by the transition from the Woodland traits, with shelltempering rising in precedence around 900 CE (Feathers 2009) and the increase in larger
stationary cities such as Moundville Alabama, and Cahokia Illinois. The Middle (1200-1400 CE)
and Late Mississippian (1400 CE to contact) were exemplified by the increase in size of cities
and the adoption of specific stylistic motifs, such as those found within the Southeastern
Ceremonial Complex (Knight Jr et al. 2001). The Mississippian period lasted until contact with
European explorers (Anderson and Sassaman 2012).
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Agriculture in the Southeastern United States
The domestication of crops in the Southeastern United States began in Late Archaic, with
the growth of squash and sunflowers (Johanson et al. 2020), and this continued into the Early
Woodland where these plants were an important part of daily subsistence (Johanson et al. 2020;
Zeanah 2017). Towards the end of the Early Woodland, Maize agriculture was introduced to this
area (Smith 1989), and was eventually practiced by the Late Woodland and Mississippian
Societies (Schroeder 1999). Maize would go on to provide a large amount of the caloric energy
of the groups that would produce it (Schroeder 1999), while being supplemented with other
crops, as well as hunting and fishing practices (Miller 2018; Peacock et al. 2005; Scarry and
Scarry 2005; Smith and Yarnell 2009).
Objectives
The original, overarching idea for this project was to examine the change in oral
microbiomes through the two of the archaeological time periods in the Southeast. When the
samples in this project were identified as having have a wide time frame, the objective expanded
to examine the change in oral microbiome from the Archaic to the Mississippian, and in effect to
explore the changes that were inherent from the adoption of agriculture within the Southeastern
United States. Alongside this, the presence of pathogenic species was examined, and whether the
findings of previous aDNA studies would match the changes in the disease presence here in the
Americas.
As the subsistence patterns changed from the Archaic with a diverse diet with low plant
cultivation (Anderson and Sassaman 2012), to the Mississippian where there is evidence of
intensive agriculture, was there a change in the oral biodiversity as represented in the dental
calculus? In what way are these changes occurring, and are there any shifts toward a more
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pathogenic oral microbiome? Can changes be explained by any of the other cofactors, such as
age or sex? Are there any appreciable differences between the five different sites, or does their
relative closeness belay any significant biological diversity?
Archaeological Excavations and Analyses
The archaeological samples analyzed here were all recovered from Northeastern
Alabama, from Jackson (JA) and Madison (MA) counties. The majority of these excavations
occurred between 1937 and 1959 (Webb 1948; Webb and Wilder 1951), and were initially
driven by the proposed Tennessee Valley Authority (TVA) Guntersville Dam (Figure 3.1 and
3.2) on the Tennessee River in 1937 (Lyon and Austin 1982). Excavations were driven by both
the necessity to recover the burials and artifacts before the area was flooded, as well as to hire
labor during The New Deal from the Works Progress Administration (WPA) (Lyon and Austin
1982). When the dam was closed on January 16, 1939, and Guntersville Basin was flooded, work
continued on marginal sites, and additionally found locations. Reports for the Guntersville Basin
excavations were eventually published in 1951, but were incomplete due to lack of funds for
complete publishing (Lyon and Austin 1982).
Due to the large amount of data generated by these excavations, various analyses have
been conducted both by Webb and additional researchers, including analyses of vertebrate and
faunal remains (Barkalow Jr 1972; Cyr et al. 2016), tools and artifacts (Coughlin 1996; Webb
1948; Webb and Wilder 1951), biochemical (Carmody et al. 2018) and osteological (Norton
2004). Osteological and paleopathological recording has also been performed by the researchers
at the Office of Archaeological Research (OAR) at The University of Alabama (UA), as well as
internal TVA and archaeological site reports.
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Figure 3.1

Map of the Guntersville Basin from “An Archaeological Survey of Guntersville Basin” by Webb and Wilder (1951)

Map shows the locations of excavation sites within the Guntersville Basin. The dam is located in the upper left quadrant of the map,
and all excavations occurred downstream of this dam. Sites 1JA305 and 1JA940 are in this area, but were not excavated during these
excavations. 1MA48 is located upstream of the Guntersville Dam.
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Sites and Determining Burial Chronology
For this work, metadata for the burials were drawn from the original recorded burial
forms; these forms were from the original archaeological excavations that took place. In addition
to the burial forms, the original artifact forms, site maps, topographic maps, soil and sediment
profiles were available. This information was also recorded in the published site reports, as well
were the conclusions drawn by the lead archaeologists. In the case of several collections of
burials, they were later analyzed by a team of osteological researchers at UA and OAR, and these
generated more detailed osteological reports. If any biological markers were updated, the
information was updated so that it matched the most recent form. All of this paperwork has been
scanned in and cataloged in the archives at OAR.
Burials were classified into the different groups that are currently in use within the field
of Southeastern archaeology. The burials from 1JA340 and 1JA940 were already placed into this
chronology and consequently, those classifications were used. The three remaining sites,
1JA102, 1JA155, and 1MA48, were classified by Webb (Webb 1948; Webb and Wilder 1951)
into his own chronologies. 1MA48 (Webb 1948) was classified into an 6 phase chronology,
which was primarily divided by the introduction of ceramics (Barkalow Jr 1972).
Archaic I

No ceramics, predominance of bone projectile points over

Archaic II

Predominance of worked flint projectile points

Archaic III

Introduction of steatite and sandstone vessels

Pottery I

Introduction of ceramics, fiber-tempered pottery

Pottery II

Introduction of grit-tempered ceramics

Pottery III

Introduction of shell-tempered ceramics
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For the sites in the Guntersville Basin, a new 5 part classification system was proposed,
called Gunterlands, with phases from I-V (Webb and Wilder 1951).
Gunterlands I

Pre-pottery, use of bone and flint tools, and stone vessels.

Gunterlands II

Introduction of fiber-tempered ceramics

Gunterlands III

Introduction of limestone-tempered ceramics

Gunterlands IV

Introduction of shell-tempered ceramics

Gunterlands V

Contact with European peoples and introduction of modern artifacts

This system was primarily based off of the transition of ceramic typologies, but this
chronology does not sync perfectly with the modern in-use chronology (Barkalow Jr 1972;
Norton 2004). This is further made more chaotic as many of these sites had multiple occupations
at different time periods, leaving the sites with a linear, broken chronology. For example,
1MA48 seems to have an early occupation, then a period where no individuals were living there,
and later occupation of individuals with different artifacts and ceramic types.
The reclassification was performed by examination of the original published reports
(Webb 1948; Webb and Wilder 1951), analyses of the archaeological materials from the sties,
and the depth and type of artifacts. By using the phase, from either the 6-part or 5-part
classification system, the reclassification of the burials could be organized within the
stratigraphy of the site into the modern classifications. Additional communications with the
OAR and Cobb Institute staff were used to confirm classifications to the best-known knowledge.
When these excavations occurred, most of the workers were not trained archaeologists,
and speed was of the essence to recover as much as possible before the Guntersville Dam was
completed and closed off. Additionally, during this period, archaeological methodologies were
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not as advanced, and analyses were not as nuanced. Without definitive data such as carbon
dating, these burial groupings were suggested, and may be revised in the future as more
archaeological and analytical research is performed. As such, analyses were performed with both
a broad (collapsed), and a fine-tuned chronology. Additionally, the burials that were sampled in
this dissertation represent a small percentage of the total individuals at each site. Only burials
that showed the presence of dental calculus were sampled, so each site may only have a small
number of representatives for each occupational period.
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Figure 3.2

Location of sites along the Tennessee River in Alabama

Aerial image from Google Maps of the Guntersville Basin in Northern Alabama. The location of
the various sites are indicated by the orange dots and the labels. This direction of the river flow is
indicated by the arrows. The areas before the Guntersville Dam is wider, as this is the
Guntersville Lake that was formed by the dam’s operation. After the dam, the river width returns
to normal.
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1JA102: Sublet Ferry Site
This site is in Scottsboro Alabama, on the Northern bank of the Tennessee River. This
site experienced annual floods and contained a large mussel shell ring sixty feet in diameter, as
well as several additional shell middens. This site contained a large number of ceramic sherds,
with the majority of them being limestone. Several complete or fragmentary vessels were
recovered, which were shell tempered. Webb indicated that this site contained two separate
occupations, based on the stratigraphy and the typology of the artifacts (Webb and Wilder 1951).
Chronologically, Webb classified this site into two different phases; Gunterlands III and
Gunterlands IV. His Gunterlands III phase contained the deepest level artifacts, and the fiber,
sand, limestone tempered ceramic pieces. The Gunterlands IV phase at this site is associated with
shell-tempered sherds, and several complete shell-tempered vessels. Webb indicated that this site
was now being used as a burial ground, rather than a occupied site, due to the decrease of freely
associated artifacts here, and the increase of activity at another close site (Webb and Wilder
1951). In total, 10 individuals had enough dental calculus for sampling (Table 3.1).
Table 3.1
Lab
code
T29

Burial Metadata for site 1JA102

Burial
number
2

Sex

Age

Female

30-35

Burial
Position
Fully Flexed

Sampling
location
Mandible

Tooth
Sampled
Molar

Time Period
Late Woodland

T30

5

Female

25-30

Partially Flexed

Mandible

Molar

Late Woodland

T28

6

Male

30-35

Fully Flexed

Mandible

Premolar

Late Woodland

T34

9

Female

40-45

Partially Flexed

Mandible

Incisor

Early Mississippian

T26

13

Female

25-35

Partially Flexed

Maxilla

Molar

Late Woodland

T25

17

Male

40-50

Partially Flexed

Maxilla

Incisor

Late Woodland

T36

19

Male

45-55

Partially Flexed

Mandible

Molar

Late Woodland

T32

21

Male

35-45

Partially Flexed

Mandible

Molar

Late Woodland

T31

22

Male

35-45

Partially Flexed

Mandible

Molar

Late Woodland

T35

25

Unknown

40-50

Partially Flexed

Mandible

Canine

Late Woodland
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1JA155: Crow Creek Island Site
This is a site in Stevenson Alabama, on Crow Creek Island, which is located in the
Tennessee river. The island is approximately 1 mile in length by 0.25 miles. This site is within
the upper end of the Guntersville Reservoir, and was therefore not overly impacted by the rising
waters. Site 1JA155 is located on the southern bank at the upper end of the island.
Geographically this site is found downstream of 1JA102 (Webb and Wilder 1951) on the
Tennessee River.
According to the archaeological reports, there was an abundance of evidence of
habitation, including 13 uncovered shell heaps with a variety of faunal remains, as well as a large
number of ceramic sherds and restorable pottery vessels (Webb and Wilder 1951). The sherds
contained limestone and shell tempers, with the deeper layers containing a higher percentage of
limestone temper. Shell tempered vessels were mainly associated with the burials, whereas
ceramic sherds were found freely scattered. This site, and the burials were classified by Webb
into the Gunterlands IV phase. These were then further classified into two distinct phases; a
Middle Woodland occupation and a Mississippian occupation based on the stratigraphic and
reported artifact temper differences. Dental calculus was sampled from 20 burials at this site
(Table 3.2).
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Table 3.2
Lab
code
T19
T21
T22
T17
T20
T12
T1
T16
T15
T14
T13
T3
T7
T6
T4
T2
T5
T10
T23
T11

Burial Metadata for site 1JA155

Burial
Sex
number
8
12
13
14
17
19
22
23
24
25
26
29
31
33
36
38
39
42
43
44

Male
Female
Male
Male
Male
Female
Male
Unknown
Female
Male
Unknown
Female
Female
Female
Male
Male
Unknown
Male
Unknown
Male

Age

Burial
Position

Sampling Tooth
Time Period
location
Sampled

35-45
50+
50+
40-45
35-45
45-55
50+
5-7
23-27
23-27
18-50
25-35
20-25
50+
45-50
30-35
12-15
25-35
18-50
35-40

Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Partially Flexed
Unknown
Fully Flexed
Fully Flexed
Fully Flexed
Fully Flexed

Mandible
Mandible
Mandible
Mandible
Mandible
Maxilla
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Maxilla
Maxilla
Mandible
Mandible
Mandible
Mandible
Mandible
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Incisor
Molar
Molar
Incisor
Molar
Molar
Canine
Molar
Premolar
Canine
Molar
Molar
Incisor
Premolar
Incisor
Molar
Premolar
Molar
Premolar
Molar

Middle Woodland
Middle Woodland
Middle Woodland
Mississippian
Middle Woodland
Middle Woodland
Mississippian
Middle Woodland
Mississippian
Mississippian
Mississippian
Mississippian
Mississippian
Mississippian
Middle Woodland
Middle Woodland
Middle Woodland
Middle Woodland
Middle Woodland
Middle Woodland

1JA305: Widow’s Creek Site
The Widow’s Creek site is on the Tennessee River, and is currently located on grounds of
the Widow’s Creek Power Plant in Northern Jackson County. 1JA305 is still within the
Guntersville Basin, and is upstream of both the 1JA102 and 1JA155 sites, although this site was
not originally excavated in the 1930’s (Norton 2004). The site was discovered in 1972, during a
survey of the area during the planning for the Power Plant, and the excavation occurred in 1973.
The site itself is located on the northern bank of the river and seemed to be primarily a burial
ground during the Middle-Late Woodland period.
Artifacts at this site showed a high degree of contact with external groups due to the
presence of exotic artifacts (Norton 2004). The burials at this site differentiate into Middle and
Late Woodland periods based on previous analysis (Norton 2004) of the ceramic patterns when
compared to additional assemblages in Northern Alabama and the Guntersville Basin (Walthall
1990). This site showed activity during the Woodland period, but with a declining number of
burials, it seems that this area was gradually left in favor of a nearby site that has more recent
burials. In total, 5 burials from this site were sampled (Table 3.3).
Table 3.3

Burial Metadata for site 1JA305

Lab
code
T63

Burial
number
2

T64

Sex

Age

Male

Unknown

Burial
Position
Partially Flexed

4

Female

30-40

Fully Flexed

Mandible

Molar

Middle-Late Woodland

T65

9

Male

30-35

Fully Flexed

Mandible

Premolar

Middle-Late Woodland

T66

15

Unknown

18

Partially Flexed

Mandible

Molar

Middle-Late Woodland

T67

20

Female

25-35

Extended

Mandible

Incisor

Middle Woodland
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Sampling
location
Mandible

Tooth
Sampled
Molar

Time Period
Middle-Late Woodland

1JA940 Russell Cave
Located in the Northeast corner of Alabama, in the Cumberland plateau, is Doran cove,
where Russell Cave is located. This prehistoric Rock Shelter is located approximately 7 miles
from the Tennessee River, and is a famously complicated site with advanced stratigraphy
(Griffin 1974). The cave shows evidence of occupation from the Archaic to the Mississippian
periods, although this tapered off by 1000 A.D. This site was used as a shelter from the elements,
and as having a constant source of water. Only one burial from this site was available for
sampling (Table 3.4). This burial dates from the Woodland time period based on associated
artifacts and stratigraphy.
Table 3.4

Burial Metadata for site 1JA940

Lab
code

Burial
number

Sex

Age

T70

SK5

Female

35-50

Burial
Position

Sampling Tooth
Time Period
location
Sampled

Fully
Flexed

Maxilla

40

Molar

Late
Woodland

1MA48: Flint River Site
The Flint River site is in Marshall County, southeast of Huntsville Alabama, at the point
where the Flint River meets the Tennessee River. This site is downstream of the Guntersville
Dam, and sites 1JA102, 1JA155, and 1JA305. Excavations at this site ran from June 13, 1938 to
December 22, 1939, and was not part of the Guntersville Basin report, as this was downstream of
the newly built dam. Findings from this site were reported in the report by William Webb (1948).
The site contained a large shell midden and mound, as well as many surface artifacts and several
stratigraphic layers.
Webb here used his 6-part classification system, and identified four main stratigraphic
zones. The deepest levels contained no pottery, but a presence of steatite and sandstone vessels.
The shallower ones contained grit and limestone tempered sherds, and with shell tempered
ceramic sherds appearing as the last type.
Webb concluded that there were only two main site occupations: the first occurred during
the Archaic 3 phase, without any pottery but containing lithic artifacts and stone bowls were
recovered; The second occurred at the Pottery 2 phase, with limestone and grit tempered ceramic
sherds. There was also an indication of Pottery 3 (shell temper) burials being introduced, but no
occupation seemed to be present during that time, due to the lack of non-burial-associated
artifacts. Based on these artifacts and stratigraphy, the earliest burials with the lithic artifacts
from the first occupation were placed into the Archaic period, whereas the limestone and grit
associated burials from the second main occupation were placed into the early Woodland. The
shell tempered associated burials, while not an occupation, were placed into the Mississippian
period. In total, 20 individual burials were sampled from this site (Table 3.5).
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Table 3.5

Burial Metadata for site 1MA48

Lab Burial
code number
10
T38
21
T39
26
T41
28
T42
33
T40
45
T48
53
T45
58
T47
59
T46
64
T44
73
T43
85
T51
103
T52
121
T53
127
T55
128
T54
129
T56
147
T57
149
T58
152
T59

Sex

Age

Burial
Position

Sampling Tooth
Time Period
location
Sampled

Female
Male
Male
Female
Male
Male
Male
Male
Female
Unknown
Female
Female
Male
Unknown
Male
Female
Female
Unknown
Female
Female

35-45
45-55
16-20
16-18
35-45
45-55
40+
50-60
25-27
8-10
45-50
40-44
50-55
50-60
30-35
35-45
40-45
40-50
50-55
35-39

Fully Flexed
Partially Flexed
Partially Flexed
Extended
Unknown
Partially Flexed
Partially Flexed
Fully Flexed
Unknown
Partially Flexed
Unknown
Partially Flexed
Partially Flexed
Partially Flexed
Unknown
Fully Flexed
Fully Flexed
Partially Flexed
Fully Flexed
Partially Flexed

Mandible
Mandible
Mandible
Mandible
Maxilla
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Mandible
Maxilla
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Molar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Incisor
Molar
Canine
Molar
Molar
Molar
Molar
Molar
Molar
Molar

Early Woodland
Early Woodland
Early Mississippian
Early Mississippian
Early Woodland
Early Woodland
Early Woodland
Early Woodland
Late Archaic
Early Woodland
Early Woodland
Early Woodland
Late Archaic
Early Woodland
Late Archaic
Late Archaic
Late Archaic
Late Archaic
Early Woodland
Early Woodland

Methodology
Sampling Methodology
Dental calculus on each of these individuals was identified, and photographed. This was
performed following previously established standards for the treatment and extraction of DNA
from dental calculus (Warinner et al. 2014b).
The methodology for the full preparation and analysis of ancient DNA from samples of
dental calculus was performed in five separate stages: 1) the isolation of the DNA in a clean
laboratory environment; 2) the library preparation 3) the indexing of the DNA; 4) the shotgun
metagenomic sequencing of the prepared libraries utilizing Next Generation Sequencing; and 5)
the analysis of the metagenomic data.
Sample Collection
Sample collection occurred in a portable PCR visualization cabinet. Prior to any sample
examination or collection, the collection hood was decontaminated with a 10% bleach solution,
followed by 70% molecular grade isopropanol and the equipped UV light. Appropriate personal
protective equipment (PPE) was worn, including gloves, goggles, a mask, and a disposable lab
coat. All tools and trays were wiped down with the bleach and isopropanol before and after each
use. Each collection tube had been prepared in a clean biological safety cabinet, and a fresh piece
of aluminum foil was used for each collection. The samples of calculus were removed using a
sterilized dental scaler that was sterilized between every sample using a 10% bleach solution
followed by rinsing in sterile, molecular grade water to degrade the bacterial DNA and prevent
cross contamination.
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Sample storage
The samples were placed individually into sterile 2.0 mL screw-top Eppendorf centrifuge
tubes containing 250 μL of RNA Protect. Parafilm was used to seal each tube, and when a
sample set was fully collected, the box was sealed and placed into storage to only be opened in
the aDNA laboratory.
aDNA and Modern laboratory work
The first through third stages were performed in the specialized ancient DNA laboratory,
or the modern biological laboratory at the Centre for GeoGenetics, Natural History Museum of
Denmark, University of Copenhagen, Denmark. This is a clean laboratory that is accessed
through two sets of positively pressured anterooms, in order to prevent contamination. The
researchers entering the laboratory decontaminate in the first anteroom, and in the second, put on
sterile full-body 3M protective suits, masks, and double sets of gloves.
All sample handling and procedures were performed under a laminar flow hood. The
sample containers were decontaminated, the RNA Protect removed, and the samples were rinsed
in molecular grade nuclease-free water. Calculus samples were transferred to 5mL DNA LoBind
Eppendorf tubes, with a proprietary enzymatic buffer, and allowed to demineralize overnight.
After 12 hours, the solution was centrifuged and solid remnants of dental calculus were stored in
a -4°C freezer. The supernatant was transferred to separate tubes and an in-house silica bead
protocol was used to isolate the DNA. Immediately following isolation, the DNA was cleaned
using Qiagen MinElute filters. The DNA was then stored in 1.5mL Eppendorf Biopur tubes, in a
-4°C freezer. DNA extracts were assayed for fragment length and concentration on an Agilent
2200 TapeStation System, using the High-Sensitivity D1000 ScreenTape.
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After DNA extracts and lengths were verified, the DNA samples were built into DNA
libraries using the Blunt-End Single Tube (BEST) protocol, as it was better for retaining short
fragments of DNA from damaged or precious samples (Carøe et al. 2017). Built libraries were
then examined for read length and DNA molarity on an Agilent Bioanalyzer 2100 using a DNA
Chip. A qPCR set was run in order to examine the amplification curves to determine the ideal
cycle number for maximally amplified libraries without biases, and indexing PCR was
performed following published protocols (Carøe et al. 2017). This was followed by a SPRI bead
cleanup, using a ratio of 1.8:1 µl (bead volume: library volume). This was done to select for all
the shortest DNA fragments, with as few improper fragments as possible. These libraries were
set up for indexing PCR in the ancient laboratory and transferred to the modern laboratories to be
run. Library building and indexing was performed with the BGI 2.0 indexes and adapters.
After the indexed DNA was assayed for sample length and concentration, samples were
pooled, as the concentrations were too low to allow for single sample sequencing, and were
concentrated to minimum of 200ng per ~50uL using a centrifugal evaporator. These samples
were then sent to the BGI Group for Paired-End 100 sequencing on a BGISEQ-500.
Contamination Control
As each of these samples is precious and cannot typically be replicated, any
contamination within the sequenced DNA could be problematic. Therefore, it was imperative to
use proper decontamination techniques as well as sampling and laboratory controls, in order to
ensure a low or non-existent level of contamination. In the potential event of contaminated
samples, we would be able to identify when a sample was contaminated by examining both the
sampling or laboratory controls.
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Sampling controls
Contamination can only be accounted for from the first point of contact within this study,
and it was at this point where these measures began. As stated, these samples were curated at
UA, having been excavated during the mid-20th century, and in that time were handled during
research and osteological cataloging. Sampling controls were taken during the sample collection
phase of the research, and occurred on site. Before sample collection, a hood swab and a
negative control were taken, and every 7-8 samples a sterile sampling control was taken using
the same tools and methods. Swabs were taken by dipping a sterile cotton tipped applicator into
an individual aliquot of molecular-grade water, and wiping the surface in question. Additionally,
swabs were taken of the collection facility and other benchtops surfaces. These controls were
stored in the same manner as the samples of dental calculus.
Ancient DNA laboratory
Within the ancient DNA laboratory there were several levels of containment in order to
prevent contamination of the samples by modern DNA. The laboratory was designed to limit
contact with modern amplified DNA, and had several protocols in place. A common anteroom
and hallway linked the two halves of the laboratory; one half for human-related samples and the
other for animal-related samples. The laboratories were under positive pressure, marked by the
pressure gauges, and if doors were left open or the pressure dropped below a certain level an
alarm would go off, indicating an issue. Before performing any work in the lab, the biological
safety cabinets, work benches, and all other surface used were wiped down with bleach and
alcohol. Weekly the laboratory was fully cleaned with bleach and alcohol. Finally, from 02:0004:00 each day, UV lights in the ceiling were illuminated, decontaminating the laboratory
spaces.
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No experiments or work using or creating amplified DNA occurred in the aDNA
laboratories. qPCR and PCR were setup in this lab, but needed to be transported to the modern
laboratory to be run. For this project, DNA extraction, qPCR setup, library building, and
indexing setup were the only projects performed in the aDNA lab. All quality control work,
TapeStation, Qubit, and Bioanalyzer 2100 runs were performed in the modern laboratory with
aliquots of DNA extracts or libraries prepared in the ancient lab.
First, in order to enter the laboratory, an experimenter could not have been in the modern
laboratory that day, without taking a shower and changing clothing. Shoes were removed and
one-use booties were put over socks. The 1st anteroom and hallway were accessible through a
locked door. In here were -20C freezers as well as storage for pipette tips and other laboratory
materials. The 2nd anteroom led to the laboratory, and was accessible through a second locked
door. In this anteroom, the following entrance procedure must be followed before entering the
laboratory proper: 1) Putting on an initial pair of gloves, 2) putting on a disposable laboratory
mask, 3) putting on a hairnet, 4) putting on a full-body Tyvek suit. 5) putting on a pair of sleeves
over the Tyvek suit, 6) putting on a second pair of gloves, 7) putting on a pair of clogs. At this
point, once the pressure has equalized, the door into the lab can be entered. Bleach solution was
prepared as needed, and gloves and work spaces were wiped down. Everything was cleaned after
the completion of work, all pipettes were wiped, and all tube racks dipped in the bleach solution
and left to dry. The entrance procedure was then reversed to remove all the PPE and exit the
laboratory.
Laboratory controls
Laboratory controls were generated during the processing of the dental calculus while in
the aDNA laboratory. A control sample was included at the end of each set of DNA extractions,
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leading to the extraction controls. And a library control was generated during the building of
each set of libraries. These controls were carried forward and sequenced alongside the
experimental samples and the reported in results are found in Appendix F
Analysis of sequenced Data
The sequenced data that was received from BGI was stored at the High-Performance
Computing center at UCPH. Once the data were demultiplexed, Paleomix, a pipeline that was
developed especially for the degraded short read fragments present in aDNA, was used to
remove the adapters, perform trimming, filtering, and mate-pair collapse (Schubert et al. 2014).
MapDamage plots were generated in order to examine the patterns of damage of the DNA.
FastQC (Andrews 2010) and were then used to check the collapsed FASTQ files for their quality
using the preset parameters. MultiQC (Ewels et al. 2016) was then used to combine the
individual reports into one. Kraken2 (Wood et al. 2019; Wood and Salzberg 2014) used the
collapsed FASTQ files and produced Kraken files and Kraken reports, a text version which is
able to be read by other applications. The Kraken report was used to generate interactive Krona
graphs (Ondov et al. 2011). Pavian (Breitwieser and Salzberg 2016) a shiny based R application
was used to visualize the analyses, and filter non-bacterial reads, and generate the OTU tables at
all taxonomic levels.
No samples were removed from the datasets, despite read length, quality, or depth,
because of the unique nature of each sample of dental calculus.
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R, R packages, and Statistics
R, and the packages vegan, ggplot2, plyr, dplyr, Phyloseq, RandomForest, KNITR (Liaw
and Wiener 2002; McMurdie and Holmes 2013; Oksanen et al. 2013; Team 2019; Wickham
2011; Wickham 2016; Xie 2013) were used to analyze the data, and RStudio was used as the
interface (Team 2015). The metadata, and the specific OTU tables were uploaded and used to
make the 4-D objects for analyses. Shannon analyses were used to calculate the Alpha diversity
(diversity within a variable), and Bray Curtis was used to calculate the Beta diversity and
generate p values (diversity compared between variables). An Adonis Permutational multivariate
analysis of variance (PERMANOVA) from R-vegan (Oksanen et al. 2013) was used to compare
the different groups, and determine if they did or did not have the same centroid.
Nonmetric multidimensional scaling (NMDS) plots were chosen for the microbiome data
as the plots use Bray-Curtis, and is not affected by null values, which would be present when a
sample does not have a specific OTU (Ramette 2007). Random Forest analyses were used to
measure the most important classifying OTU's at taxonomic levels for Time Period and Site.
This was performed with both unrarefied and rarefied data. The rarefied dataset was rarefied to
the lowest number of assigned reads. Rarefication was performed twice, once to the minimum
number of reads, and once to 1 million reads. This was done in order to remove rare taxa, and
taxa with low reads, to compare the statistics at each level, and to examine the see the overall
most important classifying OTUs for the Random Forest Analyses. It will be explicitly stated if a
test or graph has been generated with a rarefied data set. Additionally, the variable of Collapsed
Time Period was created, sorting all Burials into one of three categories; Archaic, Woodland,
and Mississippian. This was done to see if a coarser examination of the time frame would reveal
any significant data.
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Results
Sequence Data
The full post-processing data showing DNA reads are reported in table 3.2 (Appendix C).
For the 56 samples, there was an average of 34 million collapsed read pairs, with an average
length of 76 base pairs. The average GC content was 47% for these samples. Figure 3.3 shows
the percent of reads that successfully classified at the different taxonomic levels. Taxon
classification showed an average of 90 percent classification through the family level, but
dropped to an average of 67 percent at the genus level. Data from the phyla, family, and genus
levels were examined.
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Figure 3.3

Phylum

Class

Order
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Genus

Average percent of reads which classified at the taxonomic levels

This figure is drawn from the Pavian extraction of the data, and shows the decrease in the
classification of reads. This chart uses at the maximum, for each sample, the number of reads
that classified to the Domain Bacteria, and subsequent taxonomic levels.
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Phylum Level Data
Reportable statistics
Statistical differences were demonstrated in the entire non-rarefied dataset at the Phylum
level by using an Adonis PERMANOVA to identify significant differences between Time
Periods (Df = 6, F1 = 1.5628, p = 0.045 *), as well as Site (Df = 4, F1 = 2.479, p = 0.006 **).
While the six different Time Periods had been significantly different, the Collapsed Time
Period was not significant between samples (Df = 2, F1 = 0.88939, p = 0.569), nor were there any
significant differences between Sex (Df = 2, F1 = 1.1357, p = 0.292), Age Group (Df = 3, F1 =
0.84953, p = 0.645), Burial Position, (Df = 3, F1 = 0.87868, p = 0.621), or Burial Position by
Time Period (Df= 7, F1 = 0.91151, p = 0.655). By expanding upon the variables that showed
statistical significance across Time Period and Site, graphics were generated, and shown in
Figures 3.4-3.8 and Figures 3.9-3.14 respectively.
When looking at the teeth as variables themselves, there was significance in which tooth
was sampled (Df = 3, F1 = 2.9901, p = 0.002 **), but this did not carry over when crossed by
other variables; Mandible/Maxilla by Tooth Sampled (Df = 2, F1 = 1.6804, p = 0.121) Site by
Tooth Sampled (Df = 7, F1 = 0.84881, p = 0.629) or Time Period by Tooth Sampled (Df = 9, F1
= 0.97591, p = 0.518).
These statistics have been reported in Figure E.1 (Appendix E), where they have been
performed with two different rarefied datasets to show that rarefaction did not affect statistical
significance. We therefore are graphically representing the non-rarified dataset in the following
sections, in the context of diversity.
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Data on Time Period grouping
Within these samples, seven time periods were identified; the Late Archaic, Early
Woodland, Middle Woodland, Middle-Late Woodland, Late Woodland, Early Mississippian, and
Mississippian (Figure 3.4A). Relative phylum level diversity data were averaged by Time Period
(Figure 3.4B) to identify how Phyla changed over time. Taxon richness was constant across time
periods; however, evenness was distributed differently, according to time period. For instance,
the Archaic (N=6) was characterized by 40% Chloroflexi, 31% Actinobacteria, and 13%
Proteobacteria, 11% Firmicutes, and 3% Bacteroidetes while the Early Woodland (N=12) was
similar with 31% Chloroflexi, 23% Actinobacteria, 23% Proteobacteria, 17% Firmicutes, and 7%
Bacteroidetes. The Middle Woodland (N=13) showed some divergences, with Proteobacteria
comprising 28% Actinobacteria, Firmicutes 20%, 17% Chloroflexi, and 6% Bacteroidetes.
Middle-Late Woodland (N=4) was comprised of 35% Actinobacteria, 25% Chloroflexi, 19%
Proteobacteria, 14% Firmicutes, and 7% Bacteroidetes. The Late Woodland (N=10) 33%
Actinobacteria, 28% Chloroflexi, 17% Firmicutes, 17% Proteobacteria, and 4% Bacteroidetes.
Early Mississippian (N=3) was comprised of, and 32% Actinobacteria, 23% Chloroflexi, 23%
Firmicutes, 17% Proteobacteria, and 3% Bacteroidetes The Mississippian (N=8) was made up of
31% Proteobacteria, 24% Actinobacteria and 22% Firmicutes 15% Chloroflexi, and 8%
Bacteroidetes. Across the phyla, Bacteroidetes was consistently present in low amounts. The
Late Woodland and the Early Mississippian were very similar in their percentage makeup of
phyla.
Examining time periods more conservatively with the Collapsed Time Periods (Figure
3.5), yielded no significance, and no observable patterns due to the larger numbers of samples
that hail from the grouped Woodland. Figures 3.6 and 3.7 show Shannon alpha diversity plots,
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across Time Period, and Time Period by Site, respectively. Diversity increased over time from
the Late Archaic Period to Middle-Late Woodland, and levelled off by the Mississippian era
(Figure 3.7). Figure 3.8 shows the time variation of microbial diversity at the Phylum level
within sites, and this pattern of diversity increasing over time is constant, as in over all time
periods.
Additionally, sites 1MA48 and 1JA155 yielded the widest time distribution (Figure 3.8),
with site 1JA155 having physical occupations from the Middle Woodland and Mississippian
Periods, and 1MA48 having a Late Archaic, an Early Woodland, and Early Mississippian
component. Since these two sites cover five of the seven time periods, dental calculus microbial
communities from both sites were examined more closely by comparison using NMDS (Figures
3.10 and 3.11), as described in a subsequent section.
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Figure 3.4

Phylum Level: Relative Abundance of samples arranged by Time Period

3.4A: Relative Abundance of samples arranged by Time Period. 3.4B: Relative Abundance of samples averaged by Time Period. This
was done to make it easier to visualize trends. These samples were filtered to include only Phyla above 1% abundance

54

Figure 3.5

Phylum-level: Relative abundance of Burials grouped by collapsed time period

3.5: Relative Abundance of samples arranged by collapsed Time Period. These samples were
filtered to include only Phyla above 1% abundance
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Figure 3.6

Phylum-level: Shannon diversity arranged by Time Period

Data on Grouping by Site
Splitting out the data by site yielded statistically significant differences; and this is
visualized in the relative abundance (Figure 3.7A) and averaged relative abundance (Figure
3.7B) figures. Shannon diversity was measured by time period across each of the sites, and
showed increased diversity across time. (Figure 3.8) The NMDS plot (Figure 3.9), showed sites
1JA102, 1JA305, and 1JA940 clustering tightly with similar community composition. As
mentioned previously, 1JA155 and 1MA48 are more temporally diverse, and so were analyzed in
the next section.
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Figure 3.7

Phylum Level: Relative Abundance of samples arranged by Site

3.7A: Relative Abundance of samples arranged by Site. 3.7B: Relative Abundance of samples averaged by Site. This was done to
make it easier to visualize trends between sites. These samples were filtered to include only Phyla above 1% abundance
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Figure 3.8

Phylum Level: Shannon diversity plot showing the Time Periods present at each
site
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Figure 3.9

Phylum Level: NMDS plot by Site

Site 1JA155 and 1MA48
Looking specifically at the sites 1JA155 and 1MA48 as they account for 40 of 56 total
samples, there was no intra-sample significance between variables. For 1JA155; Time Period (Df
= 1, F1 = 2.7217, p = 0.2), as well as Sex (Df = 2, F1 = 2.0953, p = 0.2), Age Group (Df = 1, F1 =
1.5796, p = 0.4), or Tooth Sampled (Df = 2, F1 = 1.4803, p = 0.3). For 1MA48; Time Period (Df
= 2, F1 = 0.90158 p = 0.5), as well as Sex (Df = 2, F1 = 1.1668, p = 0.309), Age Group (Df = 3 F1
= 87398, p = 0.521), or Tooth Sampled (Df = 2, F1 = 1.0766, p = 0.297).
Whereas a subset containing the data from 1JA155 and 1MA48 showed significance
when comparing sites (Df = 1, F1 = 5.1315, p = 0.001 ***), and Tooth Sampled (Df = 3, F1 =
1.8550, p = 0.036 *). Analyzing within these two sites, Time Period (Df = 4, F1 = 1.7002, p =
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0.081), Sex (Df = 2, F1 = 1.4596, p = 0.154), and Age Group (Df = 3, F1 = 0.79559, p = 0.656)
were not significant.
As mentioned previously, 1JA155 and 1MA48 contained the most time periods (5 out of
7), and so were plotted by themselves in Figure 3.10 where ellipses were drawn surrounding the
sites. Here it can be seen that there are two main clusters within Site 1JA155, one that groups
together with site 1MA48, and one more dispersed. Figure 3.11 complements the data in Figure
3.10, with an overlay of time periods, as denoted by color, and the sites as denoted by the shape,
showing that the resultant grouping is not due to time period. Additional NMDS plots are in
Appendix E.

Figure 3.10

Phylum Level: NMDS Plot with sites 1JA155 and 1MA48
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Figure 3.11

Phylum Level: NMDS Plot with sites 1JA155 and 1MA48

Data on Grouping by Tooth Sampled
While the Tooth Sampled was significant, this is most likely due to the large number of
molars that were sampled (Figure 3.12). Shannon diversity values were not significant for
sampling locations, mandible and maxilla (Figure 3.13).

61

Figure 3.12

Phylum Level: Relative abundance of phyla arranged by Tooth Sampled
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Figure 3.13

Phylum Level: Shannon diversity plot of Tooth Sampled, arranged by sampling
location in the oral cavity

Family Level
Reportable statistics
Family-level statistical calculations were performed on the non-rarefied dataset across all
samples by using an Adonis PERMANOVA. These statistics have been reported in Figure E.2
(Appendix E), where they have been performed with two different rarefied datasets to show that
rarefaction did not affect statistical significance.
These tests resulted in Time Period (Df = 6, F1 = 1.5772, p = 0.028 *) and Site (Df = 4, F1
= 2.4159, p = 0.002 **) retaining significance as in the Phylum level. Non-significance was also
constant: Collapsed Time Period (Df = 2, F1 = 1.0397, p = 0.373), Sex (Df = 2, F1 = 1.2488, p =
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0.204), Age Group (Df = 3, F1 = 0.72449, p = 0.797), Burial Position, (Df = 3, F1 = 0.80903, p =
0.678), or Burial Position by Time Period (Df= 7, F1 = 1.0176, p = 0.429).
Data
Family level yielded more variability within the diversity of each sample within time
periods (Figure 3.14A). When averaged by Time Period (Figure 3.14B), Families for each time
period showed that the Archaic (N=6) was characterized primarily by Anaerolineaceae at 43%,
followed by 20% Atopobiaceae, 8% Actinomycetaceae, 7% Desulfobulbaceae, 5% Clostridiales
Family XIII, 5% Streptococcaceae, 5% Comamonadaceae, 4% Propionibacteriaceae, 2%
Tannerellaceae, and 0.5% Neisseriaceae.
Early Woodland (N=12) was characterized primarily by Anaerolineaceae at 36%,
followed by 13% Atopobiaceae, 11% Streptococcaceae, 8% Comamonadaceae, 7% Clostridiales
Family XIII, 7% Desulfobulbaceae, 6% Actinomycetaceae, 5% Propionibacteriaceae, and 4%
Neisseriaceae, and 2% Tannerellaceae. The Middle Woodland (N=13) was composed of
Anaerolineaceae at 20%, 13% Streptococcaceae, 12% Comamonadaceae, 11% Atopobiaceae,
10% Actinomycetaceae, 9% Propionibacteriaceae, 8% Clostridiales Family XIII, 6%
Desulfobulbaceae, 5% Neisseriaceae, and 4% Tannerellaceae. Middle-Late Woodland (N=4)
had a relative abundance of Anaerolineaceae at 31%, 20% Atopobiaceae, 10%
Actinomycetaceae, 8% Desulfobulbaceae, 8% Propionibacteriaceae, 7% Comamonadaceae, 6%
Clostridiales Family XIII, 4% Tannerellaceae, 4% Streptococcaceae, and 1% Neisseriaceae.
The Late Woodland (N=10) was characterized primarily by Anaerolineaceae at 34%,
followed by 23% Atopobiaceae, 8% Actinomycetaceae, 8% Desulfobulbaceae, 8%
Streptococcaceae, 7% Clostridiales Family XIII, 5% Propionibacteriaceae, 4%
Propionibacteriaceae, 2% Tannerellaceae, and 0.3% Neisseriaceae.
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Early Mississippian (N=3 was characterized primarily by Anaerolineaceae at 28%
followed by 20% Clostridiales Family XIII, and 14% Actinomycetaceae, 12% Atopobiaceae,
10% Desulfobulbaceae, 9% Propionibacteriaceae, 3% Streptococcaceae, 2% Tannerellaceae, 2%
Comamonadaceae, and 0.4% Neisseriaceae. The Mississippian (N=8) was characterized
primarily by Anaerolineaceae at 20%, 16% Streptococcaceae, 14% Comamonadaceae, 8%
Actinomycetaceae, 8% Propionibacteriaceae, 8% Atopobiaceae, 8% Clostridiales Family XIII,
7% Neisseriaceae, 5% Desulfobulbaceae, and 4% Tannerellaceae.
The Family that makes up the majority of each sample is Anaerolineaceae, with the
second and third highest shifting between Atopobiaceae, Actinomycetaceae, and
Streptococcaceae. Shannon diversity at each site in temporal order and at the Family level
showed, with the exception of the single sample in the Early Woodland period, diversity
increasing over time (Figures 3.15 and 3.16). In Figure 3.16 it can be seen there is a sample in
the early Woodland that is more diverse that the others, and as such, is skewing the graph’s axis.
An NMDS plot of samples according to Site showed two main clusters (Figure 3.17) The first
showed microbial community composition at Family-level similar for 1JA102, 1JA305, 1JA940,
and 1MS48. Six sequenced 1JA155 samples were among that cluster as well; however, a second
cluster was also found where seven samples from 1JA155 clustered together. Finally, two
samples from 1JA155 were independent of the two larger clusters.
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Figure 3.14

Family Level: Relative abundance of Burials arranged by time period

3.14A: Relative Abundance of samples arranged by Time Period. 3.14B: Relative Abundance of samples averaged by Time Period.
These samples were filtered to include only Families above 1% abundance
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Figure 3.15

Family Level: Shannon diversity arranged by Time Period
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Figure 3.16

Family Level: Shannon diversity plot showing the Time Periods present at each
site
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Figure 3.17

Family Level: NMDS Plot with all sites

Genus Level
Statistics
There were reportable significant differences between some of the variables at the Genus
Level when looking at the beta diversity of the microbial communities. Statistical differences
were demonstrated in the entire non-rarefied dataset by using an Adonis PERMANOVA to
measure differences between Time Period (Df = 6, F1 = 2.4557, p = 0.002 **) and Site (Df = 4,
F1 = 2.6742, p = 0.008 **).
While Time Period had been significant, the Collapsed Time Period was not significant
(Df = 2, F1 = 0.88939, p = 0.569), nor were there any significant differences between Sex (Df =
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2, F1 = 1.1357, p = 0.292), Age Group (Df = 3, F1 = 0.84953, p = 0.645), Burial Position, (Df =
3, F1 = 0.87868, p = 0.621), or Burial Position by Time Period (Df= 7, F1 = 0.91151, p = 0.655).
These statistics have been reported in Figure E.3 (Appendix E), where they have been performed
with two different rarefied datasets to show that rarefaction did not affect statistical significance.
Pairwise Adonis Permanova tests were performed on the non-rarefied dataset to see
significance between groups. For Site, 6 tests were performed examining the pairs between the 5
sites, with three tests showing significance. The first was 1JA155-1JA102 (Df = 1, F1 = 0.3037, p
= 0.006 **), the second was 1JA155-1JA305 (Df = 1, F1 = 0.885, p = 0.032 *), and the third is
1JA155-1MA48 (Df = 1, F1 = 3.4295, p = 0.001 ***). Site 1JA940 was not included due to the
presence of only one burial. The full statistical chart is reported in Figure E.4 (Appendix E). For
Time Period comparisons, 21 tests were performed between the seven time periods, and one was
significant. The test between Late Archaic and Mississippian was significantly different (Df = 2,
F1 = 1.7528, p = 0.048 *). The full statistical chart is reported in Figure E.5 (Appendix E).
Genus Level Diversity
Genus level analyses yielded a higher level of unclassified OTUs (Figure 3.3). Despite
this, 10 genera were identified above 1% abundance across all Time Periods (Figure 3.18A).
When averaged by Time Period (Figure 3.18B), the Archaic (N=6) was characterized primarily
by 42% Olsenella, 16% Actinomyces, 15% Desulfobulbus, 7% Streptococcus, 6% Ottowia, 6%
Pseudopropionibacterium, 4% Tannerella, 1% Treponema, and 1% Desulfomicrobium, 0.7%
Neisseria. Early Woodland (N=12) was characterized primarily by 27% Olsenella, 18%
Streptococcus, 16% Desulfobulbus, 12% Actinomyces, 7% Ottowia, 7%
Pseudopropionibacterium, 5% Tannerella, 4% Neisseria, 2% Treponema, and 1.5%
Desulfomicrobium. The Middle Woodland (N=13) was composed of 17% Streptococcus, 16%
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Olsenella, 14% Ottowia, 13% Actinomyces, 11% Pseudopropionibacterium, 10% Desulfobulbus,
6% Tannerella, 5% Neisseria, 4% Desulfomicrobium, and 3% Treponema. Middle-Late
Woodland (N=4) was comprised of 30% Olsenella, 14% Actinomyces, 12% Desulfobulbus, 11%
Pseudopropionibacterium, 9% Ottowia, 6% Tannerella, 6% Streptococcus, 5%
Desulfomicrobium, 4% Treponema, and 1% Neisseria. The Late Woodland (N=10) comprised
of 37% Olsenella, 13% Desulfobulbus, 13% Actinomyces, 12% Streptococcus, 8%
Pseudopropionibacterium, 6% Ottowia, 4% Tannerella, 4% Desulfomicrobium, 3% Treponema,
and 0.3% Neisseria).
Early Mississippian (N=3) was composed of 24% Actinomyces, 20% Olsenella, 20%
Desulfobulbus, 14% Pseudopropionibacterium, 9% Desulfomicrobium, 6% Streptococcus, 5%
Treponema, 3% Tannerella, 3% Ottowia, and 0.3% Neisseria. The Mississippian (N=8) was
composed of 19% Streptococcus, 16% Ottowia, 12% Olsenella, 12% Olsenella, 11%
Actinomyces, (8% Desulfobulbus, 8% Desulfomicrobium, 7% Tannerella, 7% Neisseria, and 3%
Treponema.
Shannon diversity in Figure 3.19 is similar to that of the Phylum and Family level, where
the diversity increases, and then levels off over time. Similar to the Family level, there is a
sample in the Early woodland that a high outlier for diversity. The NMDS plot in Figure 3.20
shows the same trend with a large cluster of samples, followed by an expansion outward in a
ring-like pattern. The first group away from the main cluster consist of two Early Woodland,
One Middle Woodland, one Late Woodland and one Mississippian sample. The next group is a
mix between three Middle Woodland and three Mississippian Samples. Finally, one each from
the Middle Woodland and Mississippian are dispersed away from the other samples. Figure 3.21
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is the NMDS plot, rarefied to the lowest level. It can be seen there is no grouping based on time
periods. The data are entirely comingled, with the exception of one Early Woodland sample.
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Figure 3.18

Genus-level: Relative Abundance by Time Period

3.18A: Relative Abundance of samples arranged by Time Period. 3.18B: Relative Abundance of samples averaged by Time Period.
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Figure 3.19

Genus-level: Shannon diversity across Time Periods

Figure 3.20

Genus-level:NMDS Non Rare

74

Figure 3.21

Genus-level:NMDS Rarefied

Random Forest
At the Genus level, data for the Random forest analysis was rarefied to the lowest level,
in order to remove genera with low-to-few classified reads, as well as to remove any reads that
were unclassified or mis-classified. Since the read length was short, low percentage
misclassification between similarly related species is possible, and by rarefiying the dataset for
this analysis, it may be possible to decrease the chance of focusing on misclassified and rare
genera. The top five genera for classifying all Time Period included Actinomyces, followed by
Olsenella, Tannerella, Pseudopropoinibacterium, and Desulfobulbus. For Site, Olsenella,
Tannerella, Desulfobulbus, Filifactor, and Desulfomicrobiom were the top five identifiers.
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Table 3.6

Random Forest Classification Analysis of Genus level
Time Period
Genus
1
Actinomyces
2
Olsenella
3
Tannerella
4 Pseudopropionibacterium
5
Desulfobulbus
6
Ottowia
7
Corynebacterium
8
Treponema
9
Porphyromonas
10
Fusobacterium

Site
Gini
Genus
1.475
Olsenella
1.450
Tannerella
1.297
Desulfobulbus
1.278
Filifactor
1.255
Desulfomicrobium
1.199
Treponema
1.154
Corynebacterium
0.982 Pseudopropionibacterium
0.928
Actinomyces
0.884
Ottowia

Gini
1.691
1.572
1.380
1.025
1.001
0.958
0.953
0.876
0.824
0.809

Species Level Bacterial identification
At the species level, bacteria were pulled out for further examination; these included
members from the Random Forest analysis and known oral pathogens. These bacteria were
manually curated to pick representative species that are relevant to oral health. Included are
members of the red complex (Porphyromonas gingivalis, Treponema denticola, and Tannerella
forsythia), cariogenic bacteria (Streptococcus mutans, and Olsenella sp. oral taxon 807),
periodontitis and gingivitis causing (Desulfomicrobium orale, Desulfobulbus oralis, and
Treponema sp. OMZ 838) and highly classifying oral bacteria (Anaerolineaceae bacterium oral
taxon 439). The numbers indicate the percentage that species contributed to the overall
microbiome structure. Contributors over 10% were bolded. Individuals were grouped into their
Time Periods (Figures 3.22-3.38). Time Periods were summarized into a single chat in Figure
3.29.
One of the main colonizers of the oral microbiomes was Anaerolineaceae bacterium oral
taxon 439, and Olsenella oral taxon species. This was found throughout all time periods.
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Pseudopropionibacterium propionicum is present in low levels in most individuals across time,
but within some specific individuals, there is a 10-100 fold increase in the percentage.
Streptococus mutans was present in low amounts throughout the time periods, but nowhere is it
in overly high abundance. The three members of the red complex increased in prevalence from
the Archaic to the Mississippian (Figure 3.29). Escherichia coli is not found in high abundance,
and in most samples it is absent.
Sample T43 from the Early Woodland marked an increase in the presence of Actinomyces
oral taxa, as well as Neisseria spp. T5 from the Middle Woodland exhibits this patterning, with
increased Actinomyces oral taxa and increased Streptococcus. In the Mississippian, three
individuals, T7, T14, and T17 had increased Actinomyces oral taxa presence, with T17 having an
increased amount of Corynebacterium spp.

Figure 3.22

Late Archaic selected bacteria species
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Figure 3.23

Early Woodland selected bacteria species

Figure 3.24

Middle Woodland selected bacteria species
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Figure 3.25

Middle-Late Woodland selected bacteria species

Figure 3.26

Late Woodland selected bacteria species
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Figure 3.27

Early Mississippian selected bacteria species

Figure 3.28

Mississippian selected bacteria species
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Summarized chart

Figure 3.29

Summarized Chart of selected bacteria species

This figure contains the average of the data from Figure 3.22-3.38. They have been color-coded to match their specific Time Period.

81

Discussion
This collection of sequenced data is the first analyses of microbial composition of
Archaic, Woodland, and Mississippian Southeastern Native American populations. Although
overall, sample sizes were small, and sampling within time periods was unequally distributed,
these data provide information of important genera and species within the oral cavity during this
timeframe. This provides more than just a snapshot of oral health states among these individuals,
but allows for the meaning delving into the response of the oral microbiome to geographical
distribution, and around changing subsistence patterns and lifeways.
Statistical analyses
Resultant statistical data showed that both Site and Time Period microbial composition
remained significantly different throughout the three different taxonomic levels examined. This
buoys the downstream analyses of measuring community structure and diversity over a temporal
transect. Time Period significance indicates variables changing during these periods, and
deserved to be looked at in more depth. The Shannon graphs show that the diversity increases
around the Middle to Middle-Late Woodland. Site significance is possibly being driven by the
Time Periods that are within the sites themselves. This may be evidenced by the 1JA155 and
1MA48 subset being non-significantly different. This subset only contained five of the seven
total time periods, and was non-significant, showing that the significance is only maintained
when all the time periods are present.
At the Phylum level, Tooth Sampled was significant, and this may speak to the
aforementioned variability within the micro-locations of the oral cavity. Some tests that were
examined and found not to be significant at the Phylum level were not reported at lower levels,
82

because they did not show significance; anything that was not significant at Phylum did not gain
significance.
The resultant data showed no significance among most variables. This finding could be
because of low statistical power and low differences between the sites. These sites were
relatively close to each other in space, and if the microbiome had been driven by environmental
factors, this could have affected results. Another is to keep in mind that each of these samples
represents only a subset of the burials that were excavated from any particular site. For example,
Site 1MA48 had a total of 211 burials recovered, of which 20 were sampled for this project. This
lack of samples could have driven the lack of statistical power and significance.
The low power made it difficult to detect statistically meaningful differences between the
different variables within the metadata. This is potentially also hampered by some of the
metadata being incomplete; some of the burials were marked as unknown for Sex and Age
Group, because the skeletal remains were too fragmentary or degraded for a meaningful
designation. Another factor to consider is that the statistics were performed on the normal nonrarefied data set. No individual burials were removed from analysis, despite low numbers of
reads. This is justified as the not wanting to remove any potential information. Each sample is
precious, and non-replicated. Removal of one individual sample may somewhat increase
statistical power, but would result in the loss of data from the diversity analyses. Samples were
not duplicated for this set as per an agreement with the hosting department, to only remove one
sample per individual. Notwithstanding, the inherent lack of statistical power resulting from a
small number of replicates does not necessarily imply a lack of biological significance.

83

Drivers of Significance
Intra-group biodiversity, as shown in the Shannon plots are indicative of the lack of a
singular oral microbiome. This diversity makes it necessary to compare groups against each
other, rather than single individuals against each other. The pairwise analyses were performed as
post-hoc tests to determine the groups that were the most significant. When looking at the site
comparisons, it can be seen that Site 1JA155 is one of the main drivers of significance (Table
E.4). In the plots examining the microbial composition by sites (Figure 3.10-3.11, and Figure
3.17), the microbial data is more diverse than the other sites. For Time Periods, only one period
comparison was significantly different, the comparison between the Late Archaic and the
Mississippian burials (Table E.5). The significant differences between these two are
unsurprising, as they represent the earliest and latest samples within this study. In the time
between the burial of these individuals, agriculture was introduced and expanded, and the society
had gone through a subsistence transition. The lack of significance between the other time
periods may be due to their relative closeness, as the differences can only be fully detected at
longer time scales. Over time, individuals’ microbial diversity would change and shift, but would
not be differentiated by other factors such as sex and age at death.
Biodiversity and composition
Examining the data from a temporal perspective, the oral microbiome biodiversity
increased over the time periods, reaching a peak at the Middle-Late Woodland period, around the
point where agriculture would have been intensifying. After this, the diversity leveled off, but
remained at an increased level. This Woodland period while wide in temporal spacing, was an
era of transitions; from no ceramic usage to eventually shell-tempered tools, changes in political
structures, and the slow shift from a more foraging subsistence to one more reliant on several
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crops. During the Mississippian, according to classical archaeological evidence, there was
evidence for the intensification of agriculture, and it is here that a decrease in biodiversity would
be expected. Such a finding is present in Adler et al. (2013), but the data here do not support this.
While this may run contrary to their findings, it may not be contradictory. Here, three hypotheses
are presented:

1: When agriculture arose in the Southeastern United States, the diversity of the oral
microbiome increased. This could be due to the diversity of agricultural products being
produced, or because of the continued supplementation of non-agricultural foodstuffs.
Additionally, Indigenous peoples had never gotten to a level of dependence of cereal agriculture
as the European counterparts, with a diversified diet supplementing the oral microbiome.
European agricultural products focused on main cereal crops such as barley and emmer, with
small regional variations in the production of other wheat plants (Kirleis et al. 2012). In contrast,
agricultural Native populations would have grown multiple varieties in the same local area, or
even household; maize, beans, squash, and other crops (Scarry and Scarry 2005). This dietary
diversity may have left Southeastern Native Americans with a more diverse oral microbiome.
Within this hypothesis, considering the sugar contents of various cereal crops, such as
barley, wheat, rye and maize, maize has the lowest amount of sugar (MacLeod and Preece 1954).
These sugars then may directly affect the oral microbiome diversity, as S. mutans, a cariogenic
bacteria uses sugars to aid in the formation of a cariogenic oral microbiome (Bowen et al. 2018),
would have more metabolizable products in an agricultural European oral microbiome than in a
Native one. This might result in the lower sugar content driving a less pathogenic, more diverse
microbiome.
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Additionally, in Europe, the agricultural revolution, occurred from 6000 BCE to 2000
BCE and was not a uniform process, nor did it begin everywhere equally. In Germany, it began
approximately 4100 BCE, and was linked with the increased domestication of animals and the
increased production and consumption of meat and dairy products (Münster et al. 2018). Such a
corollary did not occur in the Southeastern United States; there is no evidence of large-scale
domestication of animals at the introduction of agriculture, or continuing forward. This may have
been an additional driving factor in the decrease of oral biodiversity.

2: These populations were from small communities that may not have supported mass
agriculture, or practiced a limited garden agriculture, and as such never shifted out of a diverse
dietary pattern. These sites themselves were small, and may not have had the population size to
sustain any form of monoculture, but instead the residents would have subsisted on small
community-based horticulture (Scarry and Scarry 2005), fishing, gathering and hunting. Each of
these sites was located near a water source (Figure 3.2), and Alabama is known for the diversity
of freshwater mussels (Lydeard et al. 1999), a known staple food for indigenous peoples
(Peacock et al. 2005). While none of these sites were specifically noted in their literature with
regards to agriculture or food production (Griffin 1974; Norton 2004; Webb 1948; Webb and
Wilder 1951), Norton (2004) in surveying site 1JA305 for oral pathologies mentions that the
following approximations based on caries in nonagricultural and agricultural groups (Turner
1979), that 1JA305 would have been a society that practiced a mix of foraging and agriculture.
If evidence of agriculture is found, it could be that individuals may have traded for these
agricultural products. These sites in the Guntersville Basin are relatively near other larger centers
that did practice agriculture. Hobbs Island is an archaeological site less than 2 miles from
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1MA48, and down river from the other sites, and was a larger site with several mounds (Webb
1939). On the larger side, The Etowah Mounds are 100 miles SE in modern-day Georgia, and is
a large mound complex where agriculture was practiced (King 2003). Moundville Alabama is
170 miles SW, and was home to one of the largest mound complexes in the Southeastern United
States, where maize and other agriculture was practiced (Knight Jr and Steponaitis 2007).

3: These sites, especially toward the ends of their occupations may have been primarily
used for mortuary purposes. The individuals that were buried here would not have lived here
during life, and therefore are not representative of this site. While they were buried during the
same time period, they may have been from neighboring areas. The Widow’s Creek Site
(1JA305) seemed to follow this pattern, there was an abandonment of the site and a rise in
activity at a nearby location. This is also with precedent in the greater archaeological record.
Towards the end of its occupation, Moundville eventually became a necropolis with low amounts
of individuals living there, and people travelling in to be buried. This, unfortunately, may not be
tested without strontium isotopic analyses, it is impossible to say if an individual that was buried
at a specific location is local or non-local, or the reason why they are there.

Of course, these hypotheses are treating the burials as monolithic groups, not as
individuals with complex motivations, food preferences, or driving group and cultural dynamics.
It may be that these individuals who were sampled belonged to a tradition or group where no
agriculture was practiced, or that agriculture had not yet arrived in that area (Jenkins and Krause
2009). This could also account for the two separate clusters from Site 1JA155, where one set of
samples clustered by itself, separate from the other sites. This clustering with the other sites
87

might be representative of separate cultural practices. Delving into this would require further
examination of the specific cultural and material traditions at that site and time period, as
analyses of metadata within this site revealed no inter-site statistical significance.
Specific Species
While the oral microbiome is a complex living microbiome, trends can be seen in the
bacterial species within the preserved dental calculus. It has been established that the calculus is
not the same as a live microbiome (Velsko et al. 2019), and is likely to preserve biofilm formers
and other bacteria able to attach to the plaque. This must be kept in mind during analysis, as well
as the idea that some of these bacteria are opportunistic pathogens, and therefore mere presence
is not indicative of disease. While these reconstructed microbiomes are not totally representative
of all the bacterial biodiversity during life, they are nonetheless a useful analog to examine health
and potential dysbiosis.
Low characterization
Several species that are uncharacterized, or understudied were identified.
Anaerolineaceae bacterium oral taxon 439 is known to be an oral bacterium (Farina et al. 2019),
and one that has been found in other ancient oral microbiomes (Abdul-Aziz 2018; Wada et al.
2018). Additionally, some species found are known oral microbes, some of which have only
been identified through novel sequencing technologies. Ottowia sp. oral taxon 894 has also been
characterized as an ancient oral microbiome occupier (Wada et al. 2018). Treponema sp. OMZ
838 has been isolated from only one place, from a necrotizing ulcerative gingivitis lesion in a
modern microbiome(Chan et al. 2014). Olsenella sp. oral taxon 807 have been found within the
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microbiome of carious lesions (Obata et al. 2014). This Olsenella species is found, on average, in
a high percentage across the time periods but decreases in the Mississippian.
Oral Pathogens and pathobionts
Several classic oral bacterial species, such as Actinomyces and Streptococcus species
which are known as biofilm colonizers due to their ability to attach to the dental pellicle (Nobbs
et al. 2009; Palmer Jr 2014), were found throughout all time periods. Interestingly, Streptococcus
mutans, a common oral biofilm former and oral pathogen, was never found at any high level.
Whereas, the individuals of the red complex Porphyromonas gingivalis, Treponema denticola,
and Tannerella forsythia (Hajishengallis and Lamont 2012; Holt and Ebersole 2005) were found,
and increased from the Archaic to the Mississippian (Figure 3.30). This is similar to other tracks
of oral microbiome evolution, where when agriculture is introduced, there is a rise in pathogens
like these. (Adler et al. 2013). Desulfobulbus oralis has recently been described as a novel
pathobiont that can cause periodontal disease (Cross et al. 2018). This species stayed constant
but decreased towards the Mississippian. Desulfomicrobium orale is associated with human
periodontal disease (Langendijk et al. 2001).
Another interesting finding was that Sample T43 from the Early Woodland marked an
increase in the presence of Actinomyces oral taxa, as well as Neisseria spp. T5 from the Middle
Woodland exhibits this patterning, with increased Actinomyces oral taxa and increased
Streptococcus. In the Mississippian, three individuals, T7, T14, and T17 had increased
Actinomyces oral taxa presence, with T17 having an increased amount of Corynebacterium spp.
While data cannot specifically support active disease in these individuals, it is appealing to
consider that these individuals might be exhibiting dysbiosis.
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Normal Flora
Some of the species are normal colonizers within this microbiome space. Species of
Fusobacterium have been found in the oral cavity (Slots et al. 1983), with differing frequency
depending on the sampling location within the oral cavity (Gharbia et al. 1990). Neisseria are
found in healthy gingival plaque (Wolfgang et al. 2013), and in other areas in the oral cavity
(Donati et al. 2016) but some species that are known to cause disease, Neisseria meningitidis can
be found in adjoining microbiomes such as the throat (Donati et al. 2016). Prevotella denticola is
another bacterium found within oral plaque (Sakamoto et al. 2005) Corynebacterium spp. have
been found in the oral cavity as a normal member of the oral flora (Tsuzukibashi et al. 2014;
Welch et al. 2016), but specific species have been known to cause lung and other abscesses, such
as with C. diphtheriae (Linda et al. 1983).
Changes in time
Over time, from the Archaic to the Mississippian, changes in the microbiome were
observed. Members of the red complex increased on average; Porphyromonas gingivalis from
0.18% to 0.79%, Treponema denticola from 0.55% to 1.35%, and Tannerella forsythia from
1.64% to 3.03%. Neisseria spp. increased from the Late Archaic 0.32% to the Middle Woodland
2.20%, when it suddenly decreased from the Middle-Late Woodland to the Early Mississippian,
but reappeared at the highest level in the Mississippian at 3.63%. Despite being present, in
composition, it was not one of the top classifiers in the random forest analyses.
Future Analysis with data
This is some of the only biological work of destructive analysis on these skeletons, so
data can be added in two ways, 1) an additional sample set that goes through next-generate
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sequencing, and 2) the application of additional programs and pipelines and use of different
databases on this data, such as with antibiotic resistance gene finding.
Since foodways and dietary reconstruction are of a particular interest, future analyses
could use these data to be strengthen diet examination. The calculus could be imaged to look for
the remains of phytoliths, and classification to any taxonomic level would provide evidence of
consumption. A second analysis would be the positive identification of plant DNA within the
sampled. Since these were processed as shotgun metagenomic samples, they may have captured
diet information in that regard.
Conclusions
This collection of sequenced data is the first analyses of microbial composition of
Archaic, Woodland, and Mississippian Southeastern Native American populations. Overall,
these data provide information of important genera and species within the oral cavity during this
timeframe, for a better understanding of the ancestral human oral microbiome with regards to
changing subsistence patterns and lifeways.
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CHAPTER IV
MAYA
The Maya are both a people and a civilization in Mexico, Guatemala, Belize, Honduras,
and el Salvador perhaps best known for elaborate artwork and architecture during the Classic
period (AD 250-900) (LeCount and Yaeger 2010; LeCount et al. 2002; Thompson 1990). These
societies were typically socially stratified, with the Maya political power held in competing
kingdoms rather than a united single empire. Culturally, there was no single language spoken
among Maya groups despite the development of a hieroglyphic writing system, but isotopic and
genetic studies show evidence of interaction across the Maya region (Price et al. 2008; Scherer
2007). The dental microbiome can reveal more about the relationships among people living in
different Maya regions, cities and rural settlements, kings and commoners, and family groups
over time. Current Maya archaeologists and researchers do not fully understand the composition
of Maya households; they may have included both related and unrelated individuals, as well as
those who were born there, and still others who moved into the household. Eventually, through
combining this data with biodistance analyses and isotopic studies might reveal new information
about these household relationships (Sword 2014).
This study examines the dental calculus biodiversity from two sites in Belize,
Xunantunich and San Lorenzo. Ancient DNA from these sites provides a window into how
residential location, temporal differences, and diet affected oral health and disease in the Maya
population.
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Background
The Maya are one of many groups in Mesoamerica that shared a broad set of cultural
traits (Restall 1999). Many cities and settlements had a long developmental trajectory dating to
the Preclassic period, and over a several thousand-year history, hundreds of cities with
surrounding satellite villages were constructed (Table 4.1). During this time, Maya populations
began the intensive farming of the staple crops, such as maize, and establish long-distance trade
networks to acquire goods such as obsidian, salt, and marine products. The nature of interactions
among Maya populations changed over time, but much is not understood about the borders
between polities or the movement of people across those borders and how it changed over time
(Freiwald et al. [In Review]).
Table 4.1

Timeline of the Maya civilization in Central America

Period
Preclassic
Early Classic

Date
c. 2000 BCE250 CE
250 – 500 CE

Late Classic

500 – 800 CE

Terminal
Classic
Postclassic

800 – 900 CE
900 – 1500
CE

Defining characteristics
Development of urban centers, monumental architecture,
agriculture
Raising of dated monuments, increase in monumental
construction, rise of divine kingship
Rapid growth of Xunantunich
Sociopolitical collapse and abandonment of Maya cities
including Xunantunich and San Lorenzo
New cities established; Belize Valley largely depopulated

Different types of food may contribute to the distinct dental microbiome of Maya
populations. Maya subsistence strategies centered on farming, particularly of maize (Zea mays)
and included various agricultural practices such as slash-and-burn and crop rotation. Mainstay
crops were maize, squash, beans, chilies, and cassava (Lentz 1999; Lentz and Ramírez-Sosa
2002), which were supplemented with a variety of wild fruits and plants (Hellmuth 2014). Maya
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cooking practices included the nixtamalization of maize, in order to process the grain and
increase the vitamin content. The maize was typically processed into tamales, a staple food of the
Maya lowlands (LeCount 2001).
There were no large domesticated livestock, so protein consumption was supplemented
with wild game such as whitetail and brocket deer, peccary species, and a variety of medium and
small sized animals (Yaeger and Freiwald 2009). Most foods were terrestrial, though some
marine species are found at most sites. Although the food items were diverse (Freiwald 2010),
the Maya did make distinctions between normal food, and sacramental foods (LeCount 2001).
Much work into the reconstruction of Maya dietary patterns has been performed though the
examination of stable carbon and nitrogen analyses (Somerville et al. 2013).
Societally, the Maya were culturally stratified with a hierarchy; local polities or
kingdoms were ruled by a king and royal family, and various nobles, priests, scribes, warriors,
and commoners lived in the cities and surrounding environs. Commoners lived in both the main
cities and the satellite villages producing food and other goods. This can be seen though the
disparity of certain high-status artifacts, locations of buildings, burial locations (Hendon 1991),
and haute-cuisine food items (LeCount 2001). There is archaeological and written evidence for
ritualistic feasting and the consumption of elite goods and foodstuffs such as chocolate. This
plays into the establishment and maintenance of societal status and can be a useful tool in the
enhancement of prestige in a community (LeCount 2001). This feasting would occur at the ends
of festivals or calendrical periods, and could have been used by elites to legitimize rule and
power (McAnany 2013). It would be expected of hosts and elites to provide expensive and rare
or non-local food items for these feasts. During these times of feasting and celebration, food
would be shared, but typically, daily meals would be eaten with food prepared and grown or
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gathered within the household, and with the potential for supplementation from outside
marketplaces.
Xunantunich and San Lorenzo
The two sites used in this study were Xunantunich and San Lorenzo, which were located
in the Upper Belize Valley (Figure 4.1), and these have been the focus of scientific
archaeological work in Belize since the 1980’s (Leventhal and Ashmore 2004). The Upper
Belize Valley (Figure 4.1) is a roughly 300 km2 area in westernmost Belize, composed of valley
bottomland and river terraces (Ball and Taschek 1991), which, while populated from the Late
Preclassic, grew in prominence and became more densely populated during the Classic Period
(LeCount et al. 2002; Lentz et al. 2005; Leventhal and Ashmore 2004). This valley was not ruled
by a single state, but rather by local polities with shifting power dynamics and alliances, as
power shifted from one large city to another.
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Figure 4.1

Map of locations within the Upper Belize Valley

This is an aerial image from Google Maps where the location of the various sites are indicated by
the red circle. Xunantunich and San Lorenzo are located in the Upper Belize Valley and are
separated by a river.

Xunantunich is a medium-sized city located in the Upper Belize Valley with PreclassicTerminal Classic period occupation (LeCount 2001; LeCount et al. 2002). Originally a small
village in the Preclassic and Early Classic (Leventhal and Ashmore 2004), the site expanded
relatively quickly in the Late Classic Period (LeCount et al. 2002), possibly under the auspices of
larger kingdoms to the west and was embroiled in interregional military and political conflicts
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(LeCount and Yaeger 2010; Martin and García 2016; Yaeger 2010). At some point the royal
palace was sacked (Yaeger 2010). Like many kingdoms during the tumultuous Terminal Classic
period, Xunantunich rulers asserted their autonomy by erecting stela for the first time even as the
site was abandoned by then end of the Terminal Classic period (600-890 CE). Collapse of this
site began to occur in the Terminal Classic (c. 780-890 CE), leading to political autonomy,
balkanization, and the gradual abandonment of the site (LeCount et al. 2002).
This site served both as a ceremonial center, as well as a functioning city, and contained
several plazas, a large main pyramid, and several additional structures such as ball courts. The
primary ceremonial area, a multi-platform multi-structure complex called El Castillo, was the
largest structure located on a plaza, where several roads led to additional plazas, various
complexes, and to some residential areas (Group D) of non-royal elite inhabitants (LeCount et al.
2002). Excavations have revealed multiple burial areas, middens, and other residential buildings.
Additional archaeological evidence has shown that feasting was known to have occurred in
association with elite locations at both Xunantunich and San Lorenzo (LeCount 2001), providing
additional evidence for social stratification.
In contrast, San Lorenzo was a small satellite village comprised of approximately 20
small mound groups, located 1.5 km from Xunantunich (Lentz et al. 2005). Buildings here were
of two different types; a few composed of cut limestone blocks with masonry roofs potentially
indicating higher status individuals, and wattle and daub houses indicating poorer households
(Yaeger 2000). Middens with fauna interpreted as evidence of feasting is associated with elite
households, which are not included in this analysis.
Typically, social status within a society is archaeologically reconstructed through the use
of traditional methods: analysis of grave goods, grave type and size, burial location, and in
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certain cases, the use of written records from sites. Unfortunately, with these sites, it becomes
complicated as there are few grave goods for many of the burials, and so the use of grave site and
type becomes more important. The burial location, commoner households and higher status
locations, with one exception, are used as a proxy for status in this paper.
Hypotheses
The samples from this project are representative of two sites within the Upper Belize
Valley, a city and a small village. While not located far apart, they are characteristic of diverse
social groups in the ancient Maya population, reflecting different points in time, burial locations,
and status levels. The overarching idea for this project was to examine the differences in oral
microbiome composition between individuals who were buried in households attached to the
site’s center and the villagers who resided on the river plain in smaller and less elaborate
residential groups. This can be used as a proxy for social status, due to the lack of items with
these burials that traditionally indicative of status, such as prestige objects. This dichotomy of
sites is complicated by Maya burial patterns, which include residential and non-residential
locations at Xunantunich and in San Lorenzo, without clear distinctions in grave types.
Incorporating the archaeological evidence for status, additional questions can be formed
surpassing only the locational divide, such as were there any microbiome differences with
reference to health?
For this work, the null hypothesis is that there are no differences between the two sets of
data, due to the shared marketplaces at Xunantunich and San Lorenzo (Cap 2019; Cap et al.
2015). It is therefore alternatively hypothesized that there is a difference in the oral microbiome
diversity between the two sites. Another alternative hypothesis is that there will be differences
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over time, due to the various differences in lifeways, subsistence, and culture. Thirdly, it is
hypothesized that differences will be observed between the public and private burial locations.
Excavation and Storage
The samples were collected from the University of Mississippi, from the skeletal
collection curated by Dr. Carolyn Freiwald. Two burials (Xunantunich Op. 211 K/7 and San
Lorenzo Op. 243 LL/3) were excavated by the Xunantunich Archaeological Project (XAP)
between 1992-1997, directed by Richard Leventhal and Wendy Ashmore (Adams 1998).
Osteological analysis was conducted in Belize by Bradley Adams (1998) for each of those
individuals. The individual burial uncovered from Xunantunich Structure A-9 was excavated by
Slocum (2018). The remaining eight burials were recovered by Mopan Valley Preclassic Project
under the direction of M. Kathryn Brown (Brown et al. 2017; Brown and Yaeger 2019; Lytle et
al. 2019; Sword 2014).
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Xunantunich samples
Burials at Xunantunich ranged from the Preclassic to the Terminal Classic periods, and as
such would have spanned the majority of the site’s occupation. This site contained a higher
number of royals and higher status individuals. From this site, five individuals had enough
recoverable dental calculus to be sampled (Table 4.2). One of these individuals, A9, was
recovered from a newly discovered tomb, and was buried with a large amount of grave goods.
This individual was likely a ruler or royal individual at this site.
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Table 4.2
Lab
Code
M12

Xunantunich Dental calculus sampling summary
Skeleton ID

Sex

Age

Sampling
Location

Tooth
Sampled

Group B Op.
211 K7

Female

Adult

Mandible

Incisor

Maxilla

Incisor

Mandible

M13

A9
Female Adult
Group E Str E3
M14/M15
Burial 3+
Male Mature
Group D Str D6
Op. 10q-27
M16
Individual 1
Male Mature
Group D Str D8
M17
Op. 9o9
Female Mature

Time
Period
Terminal
Classic

Burial
Location

Incisor

Late
Classic
Terminal
Classic

Structure
A9
Structure
E3

Location
Type
Elite
Household
Nonresidential
Tomb
Commoner
Household

Mandible

Incisor

Terminal
Classic

Maxilla

Canine

Preclassic

Structure
D6
Structure
D8

Ancestor
Shrine
Ancestor
Shrine

(+) Denotes the burial was sampled twice

101

Group B

Building Type
Residential
Building
Public Building
Residential
Building
Residential
ancestor shrine
Non-residential
ancestor shrine

San Lorenzo samples
The six individuals from San Lorenzo, lived throughout the Classic period, and most
were likely farmers with more limited access to imported and diverse foods (Table 4.3). Some
lived centuries apart but were buried in the same residential group, and others were buried in
public architecture separate from residential groups.
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Table 4.3

San Lorenzo Dental calculus sampling summary

Lab
code

Skeleton
ID

Sex

Age

Sampling
Location

Tooth
Sampled

M3

Op. 386
H/46

Unknown

Unknown

Maxilla

Molar

M4

Op. 388 E/5

Unknown

Adult

Mandible

Molar

M5

Op. 388 L/4

Unknown

Adult

Mandible

Incisor

M6-M8

Female

Adult

Mandible

Incisor

M9

Op. 386
B/5*
Op. 388
B/12

Unknown

Adult

Mandible

Incisor

Late
Classic
Terminal
Classic

M10

Op. 243
LL/3

Female

Adult

Maxilla

Canine

Late
Classic

(*) Denotes a sample that was taken in triplicate
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Time
Period
Late
Classic
Early
Classic
Early
Classic

Burial
Location

SL-13
SL-63
SL-63
SL-13
SL-63
Sl-13

Location
Type
NonResidential
Commoner
Household
Commoner
Household
NonResidential
Commoner
Household
NonResidential

Building
Type
Nonresidential
Building
Floodplain
patio group
Floodplain
patio group
Nonresidential
Building
Floodplain
patio group
NonResidential
Building

Methodology
Sampling Methodology
Dental calculus on each of these individuals was identified, and photographed. This was
performed following previously established standards for the treatment and extraction of DNA
from dental calculus (Warinner et al. 2014b).
The methodology for the full preparation and analysis of ancient DNA from samples of
dental calculus was performed in five separate stages: 1) the isolation of the DNA in a clean
laboratory environment; 2) the library preparation 3) the indexing of the DNA; 4) the shotgun
metagenomic sequencing of the prepared libraries utilizing Next Generation Sequencing; and 5)
the analysis of the metagenomic data.
Sample Collection
Sample collection occurred in a portable PCR visualization cabinet. Prior to any sample
examination or collection, the collection hood was decontaminated with a 10% bleach solution,
followed by 70% molecular grade isopropanol and the equipped UV light. Appropriate personal
protective equipment (PPE) was worn, including gloves, goggles, a mask, and a disposable lab
coat. All tools and trays were wiped down with the bleach and isopropanol before and after each
use. Each collection tube had been prepared in a clean biological safety cabinet, and a fresh piece
of aluminum foil was used for each collection. The samples of calculus were removed using a
sterilized dental scaler that was sterilized between every sample using a 10% bleach solution
followed by rinsing in sterile, molecular grade water to degrade the bacterial DNA and prevent
cross contamination.
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Sample storage
The samples were placed individually into sterile 2.0 mL screw-top Eppendorf centrifuge
tubes containing 250 μL of RNA Protect. Parafilm was used to seal each tube, and when a
sample set was fully collected, the box was sealed and placed into storage to only be opened in
the aDNA laboratory.
aDNA and Modern laboratory work
The first through third stages were performed in the specialized ancient DNA laboratory,
or the modern biological laboratory at the Centre for GeoGenetics, Natural History Museum of
Denmark, University of Copenhagen, Denmark. This is a clean laboratory that is accessed
through two sets of positively pressured anterooms, in order to prevent contamination. The
researchers entering the laboratory decontaminate in the first anteroom, and in the second, put on
sterile full-body 3M protective suits, masks, and double sets of gloves.
All sample handling and procedures were performed under a laminar flow hood. The
sample containers were decontaminated, the RNA Protect removed, and the samples were rinsed
in molecular grade nuclease-free water. Calculus samples were transferred to 5mL DNA LoBind
Eppendorf tubes, with a proprietary enzymatic buffer, and allowed to demineralize overnight.
After 12 hours, the solution was centrifuged and solid remnants of dental calculus were stored in
a -4°C freezer. The supernatant was transferred to separate tubes and an in-house silica bead
protocol was used to isolate the DNA. Immediately following isolation, the DNA was cleaned
using Qiagen MinElute filters. The DNA was then stored in 1.5mL Eppendorf Biopur tubes, in a
-4°C freezer. DNA extracts were assayed for fragment length and concentration on an Agilent
2200 TapeStation System, using the High-Sensitivity D1000 ScreenTape.
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After DNA extracts and lengths were verified, the DNA samples were built into DNA
libraries using the Blunt-End Single Tube (BEST) protocol, as it was better for retaining short
fragments of DNA from damaged or precious samples (Carøe et al. 2017). Built libraries were
then examined for read length and DNA molarity on an Agilent Bioanalyzer 2100 using a DNA
Chip. A qPCR set was run in order to examine the amplification curves to determine the ideal
cycle number for maximally amplified libraries without biases, and indexing PCR was
performed following published protocols (Carøe et al. 2017). This was followed by a SPRI bead
cleanup, using a ratio of 1.8:1 µl (bead volume: library volume). This was done to select for all
the shortest DNA fragments, with as few improper fragments as possible. These libraries were
set up for indexing PCR in the ancient laboratory and transferred to the modern laboratories to be
run. Library building and indexing was performed with the BGI 2.0 indexes and adapters.
After the indexed DNA was assayed for sample length and concentration, samples were
pooled, as the concentrations were too low to allow for single sample sequencing, and were
concentrated to minimum of 200ng per ~50uL using a centrifugal evaporator. These samples
were then sent to the BGI Group for Paired-End 100 sequencing on a BGISEQ-500.
Contamination Control
As each of these samples is precious and cannot typically be replicated, any
contamination within the sequenced DNA could be problematic. Therefore, it was imperative to
use proper decontamination techniques as well as sampling and laboratory controls, in order to
ensure a low or non-existent level of contamination. In the potential event of contaminated
samples, we would be able to identify when a sample was contaminated by examining both the
sampling or laboratory controls.
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Sampling controls
Contamination can only be accounted for from the first point of contact within this study,
and it was at this point where these measures began. As stated, these samples were curated at
UA, having been excavated during the mid-20th century, and in that time were handled during
research and osteological cataloging. Sampling controls were taken during the sample collection
phase of the research, and occurred on site. Before sample collection, a hood swab and a
negative control were taken, and every 7-8 samples a sterile sampling control was taken using
the same tools and methods. Swabs were taken by dipping a sterile cotton tipped applicator into
an individual aliquot of molecular-grade water, and wiping the surface in question. Additionally,
swabs were taken of the collection facility and other benchtops surfaces. These controls were
stored in the same manner as the samples of dental calculus.
Ancient DNA laboratory
Within the ancient DNA laboratory there were several levels of containment in order to
prevent contamination of the samples by modern DNA. The laboratory was designed to limit
contact with modern amplified DNA, and had several protocols in place. A common anteroom
and hallway linked the two halves of the laboratory; one half for human-related samples and the
other for animal-related samples. The laboratories were under positive pressure, marked by the
pressure gauges, and if doors were left open or the pressure dropped below a certain level an
alarm would go off, indicating an issue. Before performing any work in the lab, the biological
safety cabinets, work benches, and all other surface used were wiped down with bleach and
alcohol. Weekly the laboratory was fully cleaned with bleach and alcohol. Finally, from 02:0004:00 each day, UV lights in the ceiling were illuminated, decontaminating the laboratory
spaces.
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No experiments or work using or creating amplified DNA occurred in the aDNA
laboratories. qPCR and PCR were setup in this lab, but needed to be transported to the modern
laboratory to be run. For this project, DNA extraction, qPCR setup, library building, and
indexing setup were the only projects performed in the aDNA lab. All quality control work,
TapeStation, Qubit, and Bioanalyzer 2100 runs were performed in the modern laboratory with
aliquots of DNA extracts or libraries prepared in the ancient lab.
First, in order to enter the laboratory, an experimenter could not have been in the modern
laboratory that day, without taking a shower and changing clothing. Shoes were removed and
one-use booties were put over socks. The 1st anteroom and hallway were accessible through a
locked door. In here were -20C freezers as well as storage for pipette tips and other laboratory
materials. The 2nd anteroom led to the laboratory, and was accessible through a second locked
door. In this anteroom, the following entrance procedure must be followed before entering the
laboratory proper: 1) Putting on an initial pair of gloves, 2) putting on a disposable laboratory
mask, 3) putting on a hairnet, 4) putting on a full-body Tyvek suit. 5) putting on a pair of sleeves
over the Tyvek suit, 6) putting on a second pair of gloves, 7) putting on a pair of clogs. At this
point, once the pressure has equalized, the door into the lab can be entered. Bleach solution was
prepared as needed, and gloves and work spaces were wiped down. Everything was cleaned after
the completion of work, all pipettes were wiped, and all tube racks dipped in the bleach solution
and left to dry. The entrance procedure was then reversed to remove all the PPE and exit the
laboratory.
Laboratory controls
Laboratory controls were generated during the processing of the dental calculus while in
the aDNA laboratory. A control sample was included at the end of each set of DNA extractions,
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leading to the extraction controls. And a library control was generated during the building of
each set of libraries. These controls were carried forward and sequenced alongside the
experimental samples and the reported in results are found in Appendix F
Analysis of sequenced Data
The sequenced data that was received from BGI was stored at the High-Performance
Computing center at UCPH. Once the data were demultiplexed, Paleomix, a pipeline that was
developed especially for the degraded short read fragments present in aDNA, was used to
remove the adapters, perform trimming, filtering, and mate-pair collapse (Schubert et al. 2014).
MapDamage plots were generated in order to examine the patterns of damage of the DNA.
FastQC (Andrews 2010) and were then used to check the collapsed FASTQ files for their quality
using the preset parameters. MultiQC (Ewels et al. 2016) was then used to combine the
individual reports into one. Kraken2 (Wood et al. 2019; Wood and Salzberg 2014) used the
collapsed FASTQ files and produced Kraken files and Kraken reports, a text version which is
able to be read by other applications. The Kraken report was used to generate interactive Krona
graphs (Ondov et al. 2011). Pavian (Breitwieser and Salzberg 2016) a shiny based R application
was used to visualize the analyses, and filter non-bacterial reads, and generate the OTU tables at
all taxonomic levels.
No samples were removed from the datasets, despite read length, quality, or depth,
because of the unique nature of each sample of dental calculus.
R, R packages, and Statistics
R, and the packages vegan, ggplot2, plyr, dplyr, Phyloseq, RandomForest, KNITR (Liaw
and Wiener 2002; McMurdie and Holmes 2013; Oksanen et al. 2013; Team 2019; Wickham
109

2011; Wickham 2016; Xie 2013) were used to analyze the data, and RStudio was used as the
interface (Team 2015). The metadata, and the specific OTU tables were uploaded and used to
make the 4-D objects for analyses. Shannon analyses were used to calculate the Alpha diversity
(diversity within a variable), and Bray Curtis was used to calculate the Beta diversity and
generate p values (diversity compared between variables). An Adonis Permutational multivariate
analysis of variance (PERMANOVA) from R-vegan (Oksanen et al. 2013) was used to compare
the different groups, and determine if they did or did not have the same centroid.
Nonmetric multidimensional scaling (NMDS) plots were chosen for the microbiome data
as the plots use Bray-Curtis, and is not affected by null values, which would be present when a
sample does not have a specific OTU (Ramette 2007). Random Forest analyses were used to
measure the most important classifying OTU's at taxonomic levels for Time Period and Site.
This was performed with both unrarefied and rarefied data. The rarefied dataset was rarefied to
the lowest number of assigned reads. Rarefication was performed twice, once to the minimum
number of reads, and once to 1 million reads. This was done in order to remove rare taxa, and
taxa with low reads, to compare the statistics at each level, and to examine the see the overall
most important classifying OTUs for the Random Forest Analyses. It will be explicitly stated if a
test or graph has been generated with a rarefied data set.
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Results
Sequence Data
The full post-processing data showing DNA reads are reported in table C.3 (Appendix
C). For the 11 samples, there was an average of 28 million collapsed read pairs, with an average
length of 77 base pairs. The average GC content was 49% for these samples. Figure 4.2 shows
the percent of reads that successfully classified at the different taxonomic levels. Taxon
classification showed a decreasing classification through the genus level. Data from the phyla,
family, and genus levels were examined.

Percent Classified reads
100
90
80
70
60
50
40
30
20
10
0
Domain

Figure 4.2

Phylum

Class

Order

Family

Genus

Average Percentage of reads that classified at the various taxonomic levels

This figure is Created from the Pavian extraction of the data, and shows the decrease in the
classification of reads. This chart uses at the maximum, for each sample, the number of reads
that classified to the Domain Bacteria, and subsequent taxonomic levels.
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Phylum Level
Statistical results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Phylum
level by using an Adonis PERMANOVA to identify significant differences between Tooth
Sampled (Df = 2, F1 = 2.1766, p = 0.048 *). Time Period (Df = 3, F1 = 1.3837, p = 0.218), and
Site (Df = 1, F1 = 1.1032, p = 0.276) were not significant at this level, nor were there any
significant differences between Sex (Df = 2, F1 = 1.86, p = 0.076), Age Group (Df = 2, F1 =
2.2858, p = 0.081), Mandible or Maxilla (Df = 1, F1 = 2.2562, p = 0.066), Location Type (Df=
2, F1 = 1.2856, p = 0.371), or Burial Building Type (Df = 3, F1 = 1.2856, p = 0.291 ),
These statistics have been reported in Table E.6 (Appendix E), where they have been
performed with two different rarefied datasets to show how rarefaction affected statistical
significance.
Phylum Level Diversity
Data by Time Period
Within these samples, four time periods were identified; the Preclassic, the Early Classic,
the Late Classic, and the Terminal Classic (Figure 4.3A). Relative phylum level diversity data
were averaged by Time Period (Figure 4.3B) to identify how Phyla changed over time. Taxon
richness was constant across time periods; however, evenness was distributed differently,
according to time period. For instance, the Preclassic (N=1) was characterized by 42%
Proteobacteria, 33% Firmicutes, 18% Actinobacteria, 5% Bacteroidetes, with Chloroflexi and
Spirochaetes making up less than 1% of the diversity. The Early Classic (N=2) was composed of
54% Proteobacteria, 32% Actinobacteria, 5% Chloroflexi, 5% Firmicutes, Bacteroidetes and
Spirochaetes consisting less than 2%. The Late Classic (N=4) had 33% Proteobacteria, 29%
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Firmicutes, 22% Actinobacteria, 6% Bacteroidetes, 5% Chloroflexi, and 5% Spirochaetes. The
Terminal Classic (N=4) was characterized by 41% Proteobacteria, 26% Actinobacteria, 19%
Firmicutes, 7% Bacteroidetes, 6% Chloroflexi, and 0.6% Spirichaetes. Here it can be seen that
Proteobacteria was the largest proportion of the oral microbiome at this level, followed by either
Firmicutes or Actinobacteria jockeying for the second place. The Shannon plot in Figure 4.4
shows that there is a trend as the samples become more diverse over time.
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Figure 4.3

Phylum Level: Relative abundance of burials grouped by Time Period

4.3A: Relative Abundance of samples arranged by Time Period. 4.3B: Relative Abundance of samples averaged by Time Period. This
was done to make it easier to visualize trends. These samples were filtered to include only Phyla above 1% abundance
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Figure 4.4

Phylum Level: Shannon diversity plot by Time Period

Data by Site
Figure 4.5 displays the relative abundance by site (A) and by an average of the relative
abundance (B), where San Lorenzo was represented with a higher abundance of Actinobacteria
(29% versus 21%), Chloroflexi (6% versus 4%), Proteobacteria (42% versus 38 %), and
Spirochaetes (3.5% versus 0.5). However, Xunantunich was represented with a higher abundance
of Bacteriodetes (8% versus 3%) and Firmicutes (29% versus 16%). Figure 4.6 visualizes the
Phylum diversity by site. Figure 4.7 examines the data on NMDS plots, where it can be seen that
the samples from Xunantunich group together, within the space of San Lorenzo.
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Figure 4.5

Phylum-level: Relative abundance of Burials grouped by Site

4.5A: Relative Abundance of samples arranged by Site. 4.5B: Relative Abundance of samples averaged by Time Period.
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Figure 4.6

Phylum Level: Shannon Diversity spit by site and Time Period

Figure 4.7

Phylum Level: NMDS plot of Sites with Overlay of Ellipses
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Family Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Family
level by using an Adonis PERMANOVA to identify significance. This level showed more
significance than at the Phylum level. Sex (Df = 2, F1 = 2.2601, p = 0.019 *) and Tooth Sampled
(Df = 2, F1 = 1.8434, p = 0.049 *) showed significance, whereas Time Period (Df = 3, F1 =
1.7207, p = 0.058), Site (Df = 1, F1 = 1.6781, p = 0.115), Age Group (Df = 2, F1 = 1.5901, p =
0.116), Mandible or Maxilla (Df = 1, F1 = 1.9394, p = 0.069), Location Type (Df= 2, F1 =
1.2121, p = 0.255) and Burial Building Type (Df = 5, F1 = 1.379, p = 0.188) were not
significant.
These statistics have been reported in Table E.7 (Appendix E), where they have been
performed with two different rarefied datasets to show how rarefaction affected statistical
significance.
Family Level Diversity
Data by Time Period
At the Family level, microbial relative abundance was identified from the four time
periods; the Preclassic, the Early Classic, the Late Classic, and the Terminal Classic (Figure
4.8A). Relative Genus level diversity data were averaged by Time Period (Figure 4.8B) to see
how the Family diversity had changed over time. The Preclassic (N=1) was characterized by
44% Streptococcaceae, 22% Burkholderiaceae, 11% Neisseriaceae, 10.5% Actinomycetaceae,
3.5% Flavobacteriaceae, 3.4% Comamonadaceae, 3% Propionibacteriaceae, 1.2%
Pseudomonadaceae, 0.5% Anaerolineaceae, 0.3% Atopobiaceae, 0.2% Clostridiales Family XIII,
and 0.15% Spirochaetaceae. The Early Classic (N=2) is characterized by 21% Burkholderiaceae,
118

19% Anaerolineaceae, 18% Pseudomonadaceae, 12% Comamonadaceae, 7% Actinomycetaceae,
6% Clostridiales Family XIII, 4% Propionibacteriaceae, 3.7% Streptococcaceae, 1.6%
Neisseriaceae, 1.5% Flavobacteriaceae, and 1% Spirochaetaceae. The Late Classic (N=4) was
characterized by 26% Streptococcaceae, 12% Propionibacteriaceae, 9% Actinomycetaceae, 8%
Comamonadaceae, 7% Pseudomonadaceae, 6.4% Spirochaetaceae, 6.4% Anaerolineaceae, 6.3%
Clostridiales Family XIII, 6% Burkholderiaceae, 4% Flavobacteriaceae, and 3% Atopobiaceae.
The Terminal Classic Classic (N=4) was characterized by 26% Comamonadaceae, 17%
Streptococcaceae, 10% Atopobiaceae, 10% Actinomycetaceae, 8% Neisseriaceae, 8%
Anaerolineaceae, 7.5% Propionibacteriaceae, 5.5% Flavobacteriaceae, 4% Clostridiales Family
XIII, 3% Burkholderiaceae, 1% Spirochaetaceae, and 1% Pseudomonadaceae.
In Figure 4.9 the Shannon diversity can be observed to be different from the Phyla level.
In Figure 4.4, there was an increase towards more diverse from the Preclassic to the Terminal
Classic period, but here there is no discernable trend as the two samples from the Early Classic
are more diverse. Figure 4.9A shows this diversity over time without regard for Site, while
Figure 4.9B shows the inter-site diversity in the Late and Terminal Classic. Figure 4.10 shows
the relative abundance arranged by Site, rather than by time period (Figure 4.8).
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Figure 4.8

Family Level: Relative Abundance by Time Period

4.8A: Relative Abundance of samples arranged by Time Period. 4.8B: Relative Abundance of samples averaged by Time Period.
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Figure 4.9

Family Level: Shannon Time Period

4.9A: Shannon Diversity over time periods. 4.9B: Shannon Diversity over the time periods split by site
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Figure 4.10

Family Level: Relative Abundance by Site

4.10A: Relative Abundance of samples arranged by Site. 4.10B: Relative Abundance of samples averaged by Site
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Genus Level
Statistical results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Genus
level by using an Adonis PERMANOVA to identify significance. This level showed more
significance than at the Phylum level. Time Period (Df = 3, F1 = 1.8416, p = 0.048 *), Sex (Df =
2, F1 = 2.395, p = 0.024 *), and Tooth Sampled (Df = 2, F1 = 1.9818, p = 0.045 *). showed
significance, whereas Site (Df = 1, F1 = 1.1.7939, p = 0.091), Age Group (Df = 2, F1 = 1.5431, p
= 0.14), Mandible or Maxilla (Df = 1, F1 = 1.874, p = 0.108), or, Location Type (Df= 2, F1 =
1.2024, p = 0.287) and Burial Building Type (Df = 5, F1 = 1.4647, p = 0.135) did not show
significance.
These statistics have been reported in Table E.8 (Appendix E), where they have been
performed with two different rarefied datasets to show how rarefaction affected statistical
significance.
Genus Level Diversity
Data by Time Period
At the Genus level microbial relative abundance was identified from the four time
periods; the Preclassic, the Early Classic, the Late Classic, and the Terminal Classic periods
(Figure 4.11A). Relative Genus level diversity data were averaged by Time Period (Figure
4.11B) to identify how Genera changed over time. Taxon richness was constant across time
periods; however, evenness was distributed differently, according to time period. The Preclassic
(N=1) was characterized by 46% Streptococcus, 21% Lautropia, %11% Actinomyces, 10%
Neisseria, 3% Capnocytophaga, 2.8% Pseudopropionibacterium, 2.7% Ottowia, 2.0
Streptomyces, 1.2% Pseudomonas, 0.2% Olsenella, and 0.12% Treponema. The Early Classic
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(N=2) is characterized by 48% Streptomyces, 22% Pseudomonas, 10% Actinomyces, 6%
Olsenella, 6% Streptococcus, 2.4% Pseudopropionibacterium, 1.4% Treponema, 1.3%
Neisseria, 1.1% Ottowia, 0.7% Capnocytophaga, and 0.5% Lautropia. The Late Classic period
(N=4) is characterized by 29% Streptococcus, 12% Actinomyces, 11% Pseudomonas, 10%
Treponema, 9% Pseudopropionibacterium, 7% Neisseria, 7% Ottowia, 6% Lautropia, 5%
Olsenella, 4% Capnocytophaga, and 0.2% Streptomyces. And finally, the Terminal Classic
period (N=4) is characterized by 30% Ottowia, 21% Streptococcus, 11% Actinomyces, 11%
Olsenella, 8% Pseudopropionibacterium, 7% Neisseria, 6% Capnocytophaga, 2.2% Lautropia,
1% Treponema, 1% Streptomyces, and 1% Pseudomonas.

Shannon Diversity as seen in Figure 4.12A shows a wide range in the diversity with the
Early Classic being more diverse than the other three periods. Figure 4.12B splits this diversity
by site, and it can be seen that the widest range of diversity is seen in San Lorenzo, where
Xunantunich has relatively similar diversity. In Figure 4.13, the Genus level relative abundance
are grouped together based on Site (A) and are averaged by site (B), showing differences in
relative abundance by site, though not statistically significant.
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Figure 4.11

Genus Level: Taxa composition over Time Period

4.11A: Relative Abundance of samples arranged by Time Period. 4.11B: Relative Abundance of samples averaged by Time Period.
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Figure 4.12

Genus-Level: Shannon over Time Periods

4.9A: Shannon Diversity over time periods. 4.9B: Shannon Diversity over the time periods split by site

126

Figure 4.13

Genus-Level: Taxa composition arranged by Site

4.13A: Relative Abundance of samples arranged by Site. 4.13B: Relative Abundance of samples averaged by Site
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Random Forest Analysis
At the Genus level, data for the Random Forest analysis was rarefied to the lowest
sample, in order to remove genera with low-to-few classified reads, as well as to remove any
reads that are unclassified or mis classified. Since the read length was short, low percentage
misclassification between similarly related species is possible, and by rarefiying the dataset for
this analysis, it may be possible to decrease the chance of focusing on misclassified and rare
genera. Random forest analysis was performed with the three variables that were significant at
the Genus level, Time Period, Sex, Building Type.
The decreasing Gini values for these three variables were very low, and despite being the
top ten samples, this analysis did not prove to be very useful for classification. Regardless, the
top five genera for classifying Time Period included Cupriavidus, followed by Microbacterium,
Eikenella, Limnohabitans, and Xanthomonas. For Sex, Nonomuraea, Variovorax, Haemophilus,
Pseudopropionibacterium and Bradyrhizobium and for Building Type, Leptotrichia, Gemella,
Burkholderia, Eikenella, and Treponema were the top five identifiers.

Table 4.4

Maya Random Forest Analysis
Time Period
Genus
Gini

Sex
Genus

Gini

Building Type
Genus
Gini

1
Cupriavidus
0.159
Nonomuraea
0.221
Leptotrichia
0.167
2 Microbacterium 0.134
Variovorax
0.209
Gemella
0.162
3
Eikenella
0.134
Haemophilus
0.170
Burkholderia
0.146
4 Limnohabitans 0.120 Pseudopropionibacterium 0.126
Eikenella
0.130
5
Xanthomonas 0.117
Bradyrhizobium
0.125
Treponema
0.125
6
Bartonella
0.108
Rothia
0.117 Bradyrhizobium 0.111
7
Leifsonia
0.104
Prevotella
0.115 Corynebacterium 0.102
8
Selenomonas
0.099
Nocardioides
0.112
Caulobacter
0.097
9
Enterobacter
0.096
Edwardsiella
0.099 Desulfomicrobium 0.096
10
Caulobacter
0.092
Sphingosinicella
0.098
Rhizobium
0.095
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Species Level Bacterial identification
At the species level, bacteria were pulled out for further examination; these included
members from the Random Forest analysis and known oral pathogens. These bacteria were
manually curated to pick representative species that are relevant to oral health, and were present
at the Genus taxonomic level. Included are members of the red complex (Porphyromonas
gingivalis, Treponema denticola, and Tannerella forsythia), cariogenic bacteria (Streptococcus
mutans, and Olsenella sp. oral taxon 807), periodontitis and gingivitis causing
(Desulfomicrobium orale, Desulfobulbus oralis, and Treponema sp. OMZ 838) and highly
classifying oral bacteria (Anaerolineaceae bacterium oral taxon 439) .The numbers indicate the
percentage that species contributed to the overall microbiome structure. Contributors over 10%
were bolded. Individual burials were grouped into their Time Periods (Figure 4.14), and were
colored to indicate the site; Xunantunich is green, and San Lorenzo is periwinkle.
There was no one main bacterial colonizer present in all microbiomes at these sites. In the
Terminal Classic period, Ottowia is present in abundance in all four burials. Mycobacteria spp.
decrease over time, while Treponema sp. OMZ 838 is absent in the Pre- and Early Classic, but
appears later. Streptococcus sanguinis, a colonizer of healthy oral microbiomes is found in high
abundance in M17, M10, M13, and M14. Burial M3 from the Late Classic has an increased
abundance of Pseudopropionibacterium propionicum and Treponema denticola, potentially
indicative of an oral microbiome in dysbiosis.
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Figure 4.14

Maya Curated Species chart

This chart represents a curated selection of the composition of the reconstructed oral microbiomes from Xunantunich and San Lorenzo
burials are in temporal order. Xunantunich burials are green, and San Lorenzo burials are in blue
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Discussion
Statistical Analyses
Within this sampling of Maya dental calculus, at the Genus level there was significant
differences found within three variables, Time Period, Sex, and Tooth Sampled. At the Phylum
level, Tooth Sampled was the only significant variable, while at the Family level Sex and Tooth
Sampled were significant. Significance was not found among the other variables, which may be
due to the low statistical power; few samples with high degrees of freedom.
The variables that were of interest, Location Type, Burial Location, and Building Type,
were highly diverse and may have not allowed for the significance to be calculated. Additionally,
the statistical differences in Sex are most likely due to the Unknown category (Figure E.6), as
this contains four of the eleven total samples. Significance was not observed even when
examining intra-site variation, which may play into the low statistical power observed in this
sample set. From the Random Forest analysis, the decreasing Gini values were low, which
showed that for the variables examined, Time Period and Sex, these genera were not strong
differentiators. Overall, low amount of statistical significance was found using the variables
currently associated with the data.
Statistical differences can be observed when the data are rarefied to the lowest level
(Figure E.6). This is due to the fact that one of the samples, M3, has a low number of reads, and
is driving some of the significance.
However, Time Period in the non-rarefied dataset did show statistical significance, and
while not strong, was most likely driven by the variation seen in the Early Classic (Figure
4.11B). While these results may have been statistically disappointing, metagenomic analysis
within this data set allowed examination of the diversity oral microbiomes as its own entity.
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Biodiversity and Composition
San Lorenzo is a satellite village of Xunantunich, and as such the individuals at this site
were food producers while some higher status individuals would be engaged in other
occupations. Likely, they had a significant amount of contact with denizens of Xunantunich,
including in marketplace exchanges, tribute, and possibly among family members, and this may
be a factor in the similarities of the microbiomes. In addition, burials in public buildings such as
San Lorenzo’s SL-13 may have included individuals living in the larger polity as well as in
households nearby. Figure 4.11 shows the Shannon measurement of the microbial diversity of
the oral taxa at the Genus level, and it is difficult to see a trend. In 4.11A, it can be seen that the
Early Classic samples are more diverse than the other time periods, but when split by site
(4.11B), this variability comes from San Lorenzo. Xunantunich does not have any individuals
represented from the Early Classic, and as such a true comparison cannot be seen. But
interestingly, M4 and M5, from the Early Classic, are from the same household in San Lorenzo
even as the radiocarbon dates (Jason Yaeger, personal communication) suggest that they lived at
different times. The samples have a similar taxon richness, dominated by Streptomyces and also
Pseudomonas (Figure 4.9A), though differences in evenness in these, as well as other taxa, were
observed. These results correspond to data from analyses of modern microbiomes, showing that
individuals within the same household share similar microbiomes (Song et al. 2013). Figure 14
shows that these two samples are not characterized by any one main oral pathogen or colonizer,
but have many species present in low percentages.
The diversity at Xunantunich stayed fairly constant, with the Preclassic individual having
the most diverse microbiome (Figure 4.11B). From this point, the diversity decreased, then
increase slightly, but a full trend cannot be seen without data from the Early Classic period.
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Nevertheless, the diversity is at its lowest during the Late Classic period, when Xunantunich was
at its apogee and the polity was at full power (LeCount et al. 2002). The low diversity here may
reflect the diet of the population of Xunantunich; as elites and possibly the ruling class
(Individual A9), they would have had access to preferential foods (LeCount 2001), such as
processed corn tamales and chocolate. Possibly a less diverse diet, not from a place of access but
rather choice, may have resulted in a decreased diversity microbiome.
Specific Species
Microbiome composition
In looking at the overall construction of the microbiome, unlike the results in Chapter 3
(Figures 3.22-3.28), there is no bacterial species that is both present, and found in high quantities
throughout all of the samples. Actinomyces oral taxa spp., Anaerolineaceae bacterium oral
taxon 439, Capnocytophaga oral taxa spp, Lautropia mirabilis, Olsenella sp. oral taxon 807,
Ottowia sp. oral taxon 894, Pseudomonas spp., Pseudopropionibacterium propionicum,
Streptococcus spp., and Tannerella forsythia were present in all samples. All three members of
the red complex were present, but were not found in high amounts together.
Characterizing Flora
No species stands as a delineator for each site, and the only species that is present in
abundance in all members of a time period is Ottowia sp. oral taxon 894 in the Terminal Classic
period. Not much is known about this bacterium, except for it has been found in ancient oral
microbiomes from California (Wada et al. 2018), and has a relatively high GC base pair content
(Jara et al. 2018). Streptococcus sanguinis, found in all the samples, and above 10% in four
individuals, is a member of the oral microbiome where it acts as a pioneer biofilm-former (Kreth
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et al. 2008; Okahashi et al. 2011), much like the related S. mutans. It is of note that S. sanguinis
while not causing dental caries, it is by means of this biofilm forming activity, as well as
hydrogen peroxide production, inhibitory towards S. mutans (Kreth et al. 2008). And within this
sample, S. mutans is either absent or found in low concentrations. Therefore, it may be that S.
mutans was being inhibited in these oral microbiomes by the activity of S. sanguinis.
Lautropia miribalis is another characterizing bacteria, a nonpathogenic oral species that
normally lives within the upper respiratory tract and oral cavity of humans (Gerner-Smidt et al.
1994). Curiously, sample M17, the individual from the Preclassic Period, is the only sample to
have a high percentage of this species.
Pathogenic Flora
Samples M4 and M5 are the only two individuals with any presence of Salmonella
enterica, a highly pathogenic bacteria that is not known to be a member of the normal oral flora,
nor a soil bacterium. Salmonella enterica has been found to be the causative agent for the
Cocoliztli epidemic which led to millions of deaths in Central Mexico in the mid-16th century,
and may have been one of the driving factors for the collapse of the Aztec Empire (Callaway
2017; Vågene et al. 2018). S. enterica genomes have been identified from the archaeological
tooth samples from Mexico (Vågene et al. 2018), and are hypothesized to be the causative agent
for this plague. The collapse of the Maya has also been partially blamed on a Hemorrhagic fever,
but as of yet (Acuna-Soto et al. 2005), no causative agent has been identified.
Case study of 211 K7
Burial 211 K7 (Sample M12) was selected to analyze further, as this burial was also
sampled for carbon and nitrogen isotopic analysis by Asta Rand as part of her dissertation. This
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burial is from the Xunantunich during the Terminal Classic period, during which Xunantunich
was in the process of being slowly abandoned. During life this person was an adult female, and
was buried in an elite household, in an elite residential complex, potentially indicating an
individual of some status during life in the Terminal Classic period. Overall, the oral microbiome
from this individual does not reveal a high percentage of oral pathogens. Forty percent of the
microbial composition from this sample is composed of understudied or novel oral taxa, not
known to cause disease (Jara et al. 2018; Wada et al. 2018). Also, 5% of the biodiversity is
composed of Streptococcus sanguinis, a species potentially able to prevent caries-causing
bacteria (Kreth et al. 2008). While T. forsythia and T. denticola do compose ~4% of the
biodiversity, their overall oral microbiome seems healthy.
Case study of A9
Burial A9 (Sample M13) is an interesting study, as this burial was found inside of an
unexcavated royal tomb, in the A9 structure at Xunantunich (Slocum 2018). This individual is
thought to be a royal individual at Xunantunich during the Late Classic period. This individual
was likely a female (Awe et al. [In Review]). The microbiome, unlike 211 K/7, is more diverse,
and less characterized by single species. Also, 58 Streptococcus species comprise 27% of this
individual’s microbiome, with 16% being Streptococcus sanguinis. Oral streptococci are
dependent on sugars for energy source, and simple carbohydrates in dietary food is often the
main source. This high percentage of Streptococcus suggests a high simple carbohydrate diet.
While S. sanguinis is part of the healthy oral microbiome, the species can also colonize dental
cavities, and contribute to the etiology of both caries and periodontal disease (Kreth et al. 2009;
Roberts and Kreth 2014).

135

Further, 16% is composed of standard oral taxa from dental calculus, Ottowia and
Pseudopropionibacterium. Actinomyces oral spp. make up another 7.6 percent, and Neisseria
spp. comprises 5.77%, the highest of any of all of the burials sampled here. Neisseria was also
detected in a recent metagenomic study characterizing the microbiota associated with ancient
dental calculus from four adults with periodontal disease from the medieval monastic site at
Dalheim, Germany (Metcalf et al. 2014). From these, N. meningitidis, N. gonorrhoeae, N. sicca,
and N. subflava were identified. Overall, Neisseria in this study were not identified to a finer
resolution, so it cannot be determined whether or not these were pathogenic. And in fact, S.
sanguinis (Kreth et al. 2009; Kreth et al. 2008) and Neisseria ssp. (Wade 2013) have been
isolated from healthy oral sites and are considered part of a healthy oral microbiome (Dewhirst et
al. 2010). However, 1.75% of the overall microbiome was Neisseria sicca , some strains of
which are pathobionts known to survive in the oral cavity (Johnson 1983). It will therefore be
interesting to determine whether the individual was in a state of dysbiosis or as to overall oral
health.
Concurrent and Additional Analyses
Research is ongoing to determine the origins of each of these individuals using a
combination of strontium and oxygen isotope analysis, and dietary analysis using carbon and
nitrogen isotope values will provide information on diet. The periods within Maya history are
fairly large, and as such, a more defined time period variable would aid in parsing out some of
the variability. This, combined with future analyses into the functional profiling of the bacteria,
should reveal more information about the health of these peoples.
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Conclusions
While we have disproved the null hypothesis, there were differences between the
compositions of the oral microbiomes, and shown there is no statistical difference between the
sites or the burial types, there was a difference in the time periods. This is concordant with the
historical record; each of these periods is different with regard to political organization and
population density and there was a visible difference in the microbiome. But there was not
enough statistical power to answer many more questions. But by delving into case studies, and
looking at the structure of the oral microbiome, differences can be perceived.
Unfortunately, this study was hindered by a lack of samples, although with the addition
of samples, this may have retained non-significance. These sites were very close to each other
geographically, and were linked by shared marketplaces and an economy. Xunantunich was the
source of power for the local polity, and so would have been a point of contact, drawing people
in on various business, and allowing for the mixing of microbiomes. While a variation between
Time Periods was observed, and this allows for the drawing of broad conclusions, a better
understanding of dental health and diet will add more relevant variables. Future
complementation with current biological and isotopic analyses will allow further synthesis of the
data to place them into a larger context, and an even more complete life-, health-, and diseasehistory of these individuals can be analyzed and understood.
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CHAPTER V
NEW SALEM CEMETERY
Introduction
The data in this chapter comes from the relocation of the New Salem Cemetery, which
was undertaken by the Center for Archaeological Research (CAR) at the University of
Mississippi, and the project was overseen by the P.I. Edmond Boudreaux III. This cemetery was
located in Hinds County Mississippi, and was excavated as a part of the development of a tire
manufacturing plant. This was an historic cemetery in use from the mid-19th to the mid-20th
century. In total, 356 burials were recovered by the excavators for preservation, analysis,
sampling, and reinternment. Due to poor preservation, multiple forms of analyses were
conducted to complement the standard osteological and paleopathological cataloging. Samples of
dental calculus were taken and processed in order to examine the oral microbiome and health of
rural individuals in a post-industrial environment, as well as enhancing the report of on the
overall individuals at this cemetery.
Historical Background
This cemetery is located in the northern part of Hinds County Mississippi, which contains
the city of Jackson, and is approximately 30 miles east of the Mississippi River (Figure 5.1). The
cemetery itself is located in a small triangle of land and contained a combination of marked and
unmarked graves, with the majority of the marked graves clustering on a small hill in the center
of the burial ground, and the unmarked burials spreading out from the center (Boudreaux 2018a;
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Boudreaux 2018b). This cemetery was officially started in 1852, when the land was leased as
indicated in the deed, but grave markers indicate that the land had been utilized as a cemetery for
at least 10 years prior. The indicated dates on the grave markers 1840 (early) to 1949 (late) show
that the cemetery was active for around a century, but there was unequal usage of the burial
ground, as evidenced by an uneven distribution of grave marker dates (Boudreaux et al. 2018).
The majority of the dated burials hail from pre-date 1900. From visitor accounts, the cemetery
was overgrown with brush and in disrepair by 1977 (Boudreaux 2018c).
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Figure 5.1

Approximate location of the New Salem Cemetery in Hinds County Mississippi

This is an aerial image of the New Salem Cemetery in Hinds County Mississippi. The site is
indicated by the red circle. Construction on the Tire production plant has begun and is visible.
The historic road that led to the site and the grove of trees that bordered it are gone. Resultant
landscape modification from the archaeological excavation is observable.

Despite being called the New Salem Cemetery there are no remains of an associated
church in the local vicinity of the graveyard. In the area, the New Salem Baptist Church was
known to be active from 1833 to 1853, but it is not known adjacent to the cemetery. However,
several members of the church were buried in the cemetery. It is of note that the individuals who
would have initially been buried here would have been some of the first non-native settlers in
this area (Boudreaux 2018c). Peoples relocating to this area were typically farmers or
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professional peoples, many of whom were planters who brought their families and households,
potentially including enslaved individuals. The nearest town, Clinton Mississippi, had a large
cotton market as well as multiple stores and businesses. These individuals represent a very
specific time and place within the expansion of non-native individuals into the rural areas of
Mississippi. While the earliest marked burials would have been White settlers, later peoples
buried at the site likely had African American or mixed racial heritage (Boudreaux 2018c).
Since some of the graves had the associated grave markers, names, dates, and familial
information can be gathered about some of the individuals who are buried there. Because of this,
a part of the work for this project has been to attempt to reconstruct the life histories of the
individuals at the New Salem Cemetery (Freiwald et al. 2018) (Chapter 9). For the purposes of
this analysis no names or identifying data, that are associated with any burials, were included in
this report.
Excavation and Storage
Excavations were performed by CAR by trained excavators overseen by site managers.
At this site, excavations occurred from June 13th to August 27th 2016, and resulted in the
recovery of 356 burials, ranging from good to very poor condition. Due to poor preservation,
some burials had little-to-no preserved skeletal material. These individuals were reinterred in a
nearby cemetery in October 2018 (Billstrand et al. 2018). Alongside the burials, grave markers
and identifiers were found as well as other grave-associated items such as grave hardware,
clothing items, and personal effects. Additionally, several cast-iron coffins were recovered.
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Individuals
Of the total 356 burials that were recovered, only 151 individuals had dental material
recovered. Of these, eleven individuals (N=11) were sampled for dental calculus (Table 5.1).
While this only represents 3% of the recovered burials, it represents 7.3% of individuals with
dental materials (Billstrand and Rigano 2018). Most of these burials date to the early 1900s, with
one dating to the 1800s. Some of these were also sampled for Sr/C/O isotopic analysis, while
others were sampled for additional health and ancestry reconstruction from the tooth dentin.
These burials had been analyzed for the presence of oral pathologies, such as Linear Enamel
Hypoplasia (LEH), dental caries, congenital syphilis, as well as post-cranial pathologies like
degenerative joint disease, arthritis, traumatic fractures, dislocations, and infections and
inflammation. It was found that dental caries affected 40% of individuals with dental material
and LEH affected 26% of the population (Billstrand and Rigano 2018).
The skeletal collection that was recovered was analyzed for their Sex, Age, and Ancestry,
but depending on the preservation of the remains, this was not recoverable in all cases. Ancestry
was recorded using methods from forensic and medical research (Billstrand and Rigano 2018;
Buikstra and Ubelaker 1994). The osteologists performing this categorization used three
categories, African American (AA), European American (EA), and Hispanic (H). It must be
noted that the Hispanic category is used as a catch-all for those who may have been Native
American, Mexican, or Central American in origin (Billstrand and Rigano 2018).
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Table 5.1

New Salem Cemetery Sampling Table

Lab
Code

Burial
number

NS4
NS5
NS6
NS7-NS9
NS10
NS11
NS12
NS14
NS15
NS16
NS17
NS18
NS19

NSC1+^x
NSC2+x
NSC6+
NSC7*+x
NSC12+
NSC18
NSC19x
NSC30+^x
NSC40+^x
NSC65+^x
NSC70+x
NSC234+^x
NSC318 (Soil)

Sex

Age

Male
67
Unknown
>14
Female
38
Male
21-40
Unknown
>25
Male
>50
Male
>14
Male
>14
Male
Unknown
Unknown
35-49
Male
Unknown
Unknown Unknown
None
None

Ancestry

Sampling
location

Tooth
Sampled

Dental
Caries

LEH

Grave
Marker Date

EA
AA/H
H
AA
EA
AA/EA
AA/H
AA
AA/EA
AA/EA
EA
EA
N/A

Mandible
Mandible
Maxilla
Maxilla
Mandible
Mandible
Mandible
Maxilla
Mandible
Maxilla
Maxilla
Mandible
Soil

Molar
Molar
Premolar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Molar
Soil

X
X
X
X
X
X
X
X
X
X
N/A

X
X
X
X
X
X
X
N/A

1937
1895-1905
1908
1895-1936
1905-1910
1895-1920
1918-1920
1920-1940
1930s
1895-1956
1895-1920
1874-1910
N/A

(*) Denotes the burial was sampled three times
(+) Denotes the burial was sampled for SR/C/O isotopes from tooth enamel
(^) Denotes the burial was sampled for Health ancestry DNA
(x) C and N isotopes sample from bone
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Hypothesis
The objectives for this project were to characterize the oral microbiomes of individuals
from the New Salem cemetery in order to aid in the analysis of these skeletons. The poor
condition and preservation of the bones led to the researchers attempting a variety of specialized
analyses alongside the traditional osteological and pathological cataloging in order to have a
more complete life history of the individuals from this cemetery. This collection represents one
of the first recorded non-Native populations to permanently settle in this area, and this makes it
an interesting point of data for the history of the state of Mississippi. The fact that the cemetery
contained individuals of African, European, and Native American or Hispanic ancestry is another
point of interest; would there be any indication of microbiome similarities?
For this work, the null hypothesis is that there are no differences within this data when
considering the different variables and microbial diversity. An alternative hypothesis is that
differences in the oral composition will be observed when taking into account recorded ancestry.
It is additionally hypothesized that those with oral pathologies such as dental caries or linear
enamel hypoplasia had a different microbiome composition.
Methodology
Sampling Methodology
Dental calculus on each of these individuals was identified, and photographed. This was
performed following previously established standards for the treatment and extraction of DNA
from dental calculus (Warinner et al. 2014b).
The methodology for the full preparation and analysis of ancient DNA from samples of
dental calculus was performed in five separate stages: 1) the isolation of the DNA in a clean
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laboratory environment; 2) the library preparation 3) the indexing of the DNA; 4) the shotgun
metagenomic sequencing of the prepared libraries utilizing Next Generation Sequencing; and 5)
the analysis of the metagenomic data.
Sample Collection
Sample collection occurred in a portable PCR visualization cabinet. Prior to any sample
examination or collection, the collection hood was decontaminated with a 10% bleach solution,
followed by 70% molecular grade isopropanol and the equipped UV light. Appropriate personal
protective equipment (PPE) was worn, including gloves, goggles, a mask, and a disposable lab
coat. All tools and trays were wiped down with the bleach and isopropanol before and after each
use. Each collection tube had been prepared in a clean biological safety cabinet, and a fresh piece
of aluminum foil was used for each collection. The samples of calculus were removed using a
sterilized dental scaler that was sterilized between every sample using a 10% bleach solution
followed by rinsing in sterile, molecular grade water to degrade the bacterial DNA and prevent
cross contamination.
Sample storage
The samples were placed individually into sterile 2.0 mL screw-top Eppendorf centrifuge
tubes containing 250 μL of RNA Protect. Parafilm was used to seal each tube, and when a
sample set was fully collected, the box was sealed and placed into storage to only be opened in
the aDNA laboratory.
aDNA and Modern laboratory work
The first through third stages were performed in the specialized ancient DNA laboratory,
or the modern biological laboratory at the Centre for GeoGenetics, Natural History Museum of
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Denmark, University of Copenhagen, Denmark. This is a clean laboratory that is accessed
through two sets of positively pressured anterooms, in order to prevent contamination. The
researchers entering the laboratory decontaminate in the first anteroom, and in the second, put on
sterile full-body 3M protective suits, masks, and double sets of gloves.
All sample handling and procedures were performed under a laminar flow hood. The
sample containers were decontaminated, the RNA Protect removed, and the samples were rinsed
in molecular grade nuclease-free water. Calculus samples were transferred to 5mL DNA LoBind
Eppendorf tubes, with a proprietary enzymatic buffer, and allowed to demineralize overnight.
After 12 hours, the solution was centrifuged and solid remnants of dental calculus were stored in
a -4°C freezer. The supernatant was transferred to separate tubes and an in-house silica bead
protocol was used to isolate the DNA. Immediately following isolation, the DNA was cleaned
using Qiagen MinElute filters. The DNA was then stored in 1.5mL Eppendorf Biopur tubes, in a
-4°C freezer. DNA extracts were assayed for fragment length and concentration on an Agilent
2200 TapeStation System, using the High-Sensitivity D1000 ScreenTape.
After DNA extracts and lengths were verified, the DNA samples were built into DNA
libraries using the Blunt-End Single Tube (BEST) protocol, as it was better for retaining short
fragments of DNA from damaged or precious samples (Carøe et al. 2017). Built libraries were
then examined for read length and DNA molarity on an Agilent Bioanalyzer 2100 using a DNA
Chip. A qPCR set was run in order to examine the amplification curves to determine the ideal
cycle number for maximally amplified libraries without biases, and indexing PCR was
performed following published protocols (Carøe et al. 2017). This was followed by a SPRI bead
cleanup, using a ratio of 1.8:1 µl (bead volume: library volume). This was done to select for all
the shortest DNA fragments, with as few improper fragments as possible. These libraries were
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set up for indexing PCR in the ancient laboratory and transferred to the modern laboratories to be
run. Library building and indexing was performed with the BGI 2.0 indexes and adapters.
After the indexed DNA was assayed for sample length and concentration, samples were
pooled, as the concentrations were too low to allow for single sample sequencing, and were
concentrated to minimum of 200ng per ~50uL using a centrifugal evaporator. These samples
were then sent to the BGI Group for Paired-End 100 sequencing on a BGISEQ-500.
Contamination Control
As each of these samples is precious and cannot typically be replicated, any
contamination within the sequenced DNA could be problematic. Therefore, it was imperative to
use proper decontamination techniques as well as sampling and laboratory controls, in order to
ensure a low or non-existent level of contamination. In the potential event of contaminated
samples, we would be able to identify when a sample was contaminated by examining both the
sampling or laboratory controls.
Sampling controls
Contamination can only be accounted for from the first point of contact within this study,
and it was at this point where these measures began. As stated, these samples were curated at
UA, having been excavated during the mid-20th century, and in that time were handled during
research and osteological cataloging. Sampling controls were taken during the sample collection
phase of the research, and occurred on site. Before sample collection, a hood swab and a
negative control were taken, and every 7-8 samples a sterile sampling control was taken using
the same tools and methods. Swabs were taken by dipping a sterile cotton tipped applicator into
an individual aliquot of molecular-grade water, and wiping the surface in question. Additionally,
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swabs were taken of the collection facility and other benchtops surfaces. These controls were
stored in the same manner as the samples of dental calculus.
Ancient DNA laboratory
Within the ancient DNA laboratory there were several levels of containment in order to
prevent contamination of the samples by modern DNA. The laboratory was designed to limit
contact with modern amplified DNA, and had several protocols in place. A common anteroom
and hallway linked the two halves of the laboratory; one half for human-related samples and the
other for animal-related samples. The laboratories were under positive pressure, marked by the
pressure gauges, and if doors were left open or the pressure dropped below a certain level an
alarm would go off, indicating an issue. Before performing any work in the lab, the biological
safety cabinets, work benches, and all other surface used were wiped down with bleach and
alcohol. Weekly the laboratory was fully cleaned with bleach and alcohol. Finally, from 02:0004:00 each day, UV lights in the ceiling were illuminated, decontaminating the laboratory
spaces.
No experiments or work using or creating amplified DNA occurred in the aDNA
laboratories. qPCR and PCR were setup in this lab, but needed to be transported to the modern
laboratory to be run. For this project, DNA extraction, qPCR setup, library building, and
indexing setup were the only projects performed in the aDNA lab. All quality control work,
TapeStation, Qubit, and Bioanalyzer 2100 runs were performed in the modern laboratory with
aliquots of DNA extracts or libraries prepared in the ancient lab.
First, in order to enter the laboratory, an experimenter could not have been in the modern
laboratory that day, without taking a shower and changing clothing. Shoes were removed and
one-use booties were put over socks. The 1st anteroom and hallway were accessible through a
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locked door. In here were -20C freezers as well as storage for pipette tips and other laboratory
materials. The 2nd anteroom led to the laboratory, and was accessible through a second locked
door. In this anteroom, the following entrance procedure must be followed before entering the
laboratory proper: 1) Putting on an initial pair of gloves, 2) putting on a disposable laboratory
mask, 3) putting on a hairnet, 4) putting on a full-body Tyvek suit. 5) putting on a pair of sleeves
over the Tyvek suit, 6) putting on a second pair of gloves, 7) putting on a pair of clogs. At this
point, once the pressure has equalized, the door into the lab can be entered. Bleach solution was
prepared as needed, and gloves and work spaces were wiped down. Everything was cleaned after
the completion of work, all pipettes were wiped, and all tube racks dipped in the bleach solution
and left to dry. The entrance procedure was then reversed to remove all the PPE and exit the
laboratory.
Laboratory controls
Laboratory controls were generated during the processing of the dental calculus while in
the aDNA laboratory. A control sample was included at the end of each set of DNA extractions,
leading to the extraction controls. And a library control was generated during the building of
each set of libraries. These controls were carried forward and sequenced alongside the
experimental samples and the reported in results are found in Appendix F
Analysis of sequenced Data
The sequenced data that was received from BGI was stored at the High-Performance
Computing center at UCPH. Once the data were demultiplexed, Paleomix, a pipeline that was
developed especially for the degraded short read fragments present in aDNA, was used to
remove the adapters, perform trimming, filtering, and mate-pair collapse (Schubert et al. 2014).
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MapDamage plots were generated in order to examine the patterns of damage of the DNA.
FastQC (Andrews 2010) and were then used to check the collapsed FASTQ files for their quality
using the preset parameters. MultiQC (Ewels et al. 2016) was then used to combine the
individual reports into one. Kraken2 (Wood et al. 2019; Wood and Salzberg 2014) used the
collapsed FASTQ files and produced Kraken files and Kraken reports, a text version which is
able to be read by other applications. The Kraken report was used to generate interactive Krona
graphs (Ondov et al. 2011). Pavian (Breitwieser and Salzberg 2016) a shiny based R application
was used to visualize the analyses, and filter non-bacterial reads, and generate the OTU tables at
all taxonomic levels.
No samples were removed from the datasets, despite read length, quality, or depth,
because of the unique nature of each sample of dental calculus.
R, R packages, and Statistics
R, and the packages vegan, ggplot2, plyr, dplyr, Phyloseq, RandomForest, KNITR (Liaw
and Wiener 2002; McMurdie and Holmes 2013; Oksanen et al. 2013; Team 2019; Wickham
2011; Wickham 2016; Xie 2013) were used to analyze the data, and RStudio was used as the
interface (Team 2015). The metadata, and the specific OTU tables were uploaded and used to
make the 4-D objects for analyses. Shannon analyses were used to calculate the Alpha diversity
(diversity within a variable), and Bray Curtis was used to calculate the Beta diversity and
generate p values (diversity compared between variables). An Adonis Permutational multivariate
analysis of variance (PERMANOVA) from R-vegan (Oksanen et al. 2013) was used to compare
the different groups, and determine if they did or did not have the same centroid.
Nonmetric multidimensional scaling (NMDS) plots were chosen for the microbiome data
as the plots use Bray-Curtis, and is not affected by null values, which would be present when a
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sample does not have a specific OTU (Ramette 2007). Random Forest analyses were used to
measure the most important classifying OTU's at taxonomic levels for Time Period and Site.
This was performed with both unrarefied and rarefied data. The rarefied dataset was rarefied to
the lowest number of assigned reads. Rarefication was performed twice, once to the minimum
number of reads, and once to 1 million reads. This was done in order to remove rare taxa, and
taxa with low reads, to compare the statistics at each level, and to examine the see the overall
most important classifying OTUs for the Random Forest Analyses. It will be explicitly stated if a
test or graph has been generated with a rarefied data set.
Results
Sequence Data
The full post-processing data showing DNA reads are reported in table C.4 (Appendix
C). For the 12 samples, there was an average of 46 million collapsed read pairs, with an average
length of 88 base pairs. The average GC content was 57% for these samples. Figure 5.2 shows
the percent of reads that successfully classified at the different taxonomic levels. Taxon
classification showed a decreasing classification through the genus level. Data from the phyla,
family, and genus levels were examined.
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Figure 5.2
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Average percent of reads which classified at the taxonomic levels

This figure is drawn from the Pavian extraction of the data, and shows the decrease in the
classification of reads. This chart uses at the maximum, for each sample, the number of reads
that classified to the Domain Bacteria, and subsequent taxonomic levels.

Phylum Level
Statistical Results
Determination of statistical differences were conducted for the entire level by using an
Adonis PERMANOVA to attempt to identify any significant differences between variables.
Using this metric, no statistical variations were detected within the variables: Sex (Df = 2, F1 =
0.98647 , p = 0.41), Age Group (Df = 2, F1 = 0.65104 , p = 0.727), Tooth Sampled (Df = 1, F1 =
0.4393 , p = 0.866), Mandible or Maxilla (Df = 1, F1 = 0.9295 , p = 0.47), Ancestry (Df = 4, F1 =
0.53904 , p = 0.958), Dental Caries (Df = 1, F1 = 1.269, p = 0.271), Linear Enamel Hypoplasia
(Df = 1, F1 = 1.5079 , p = 0.168) or Grave Marker Date (Df = 1, F1 = 4.5036 , p = 0.09). These
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statistics have been reported in Table E.9 (Appendix E), where they have been performed with
two different rarefied datasets to show how rarefaction affected statistical significance.
Phylum Level Diversity
Since this sample set comes from one single location, Site is not useful for examining
differences, but it does prove useful to look at the overall diversity. In Figure 5.3A, it can be seen
that the relative diversity is composed of five Phyla. In order of relative abundance, they are 45%
Proteobacteria, 23% Firmicutes, 21% Actinobacteria, 6% Bacteroidetes, and 5% Chloroflexi
(Figure 5.3B). Figure 5.4 examines this abundance through the recorded ancestry. Ancient dental
calculus from NS5 and NS12, the two individuals indicated as AA/H (African
American/Hispanic) show similar species richness, with only few differences in relative
abundance. Figures 5.5A-F are Shannon plots at the Phylum Level, looking at different variables;
A examines the combined alpha diversity, B examines the diversity of the sampled tooth, and
where it was from, C examines the diversity by sex, D examines diversity by recorded ancestry,
E examines the alpha diversity of individuals who had evidence of LEH, and F examines the
biodiversity of individuals who had dental caries, and those who did not.

153

Figure 5.3

Phylum Level: New Salem dental calculus microbial relative abundance

5.3A: Relative Abundance of individual samples. 5.3B: Relative Abundance of averaged samples
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Figure 5.4

Phylum Level: Relative Abundance split by Ancestry

Relative Abundance of individual samples split by osteological ancestry. The abbreviations are:
African American (AA), European American (EA), and Hispanic (H).
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Figure 5.5

Phylum Level: Shannon Diversity plots

5.5A: Shannon Diversity; 5.5B: by Tooth Sampled and Location; 5.5C by Sex; 5.5D: by
Ancestry; 5.5E: by LEH presence; 5.5F by Caries presence

Family Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Family
level by using an Adonis PERMANOVA to attempt to identify any significant differences
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between variables. Using this metric, no statistical variations were detected within the variables:
Sex (Df = 2, F1 = 0.88752 , p = 0.531), Age Group (Df = 2, F1 = 0.58407 , p = 0.861), Tooth
Sampled (Df = 1, F1 = 0.57411 , p = 0.79), Mandible or Maxilla (Df = 1, F1 = 0.65405 , p =
0.746), Ancestry (Df = 4, F1 = 0.607 , p = 0.946), Dental Caries (Df = 1, F1 = 1.4035, p = 0.22),
Linear Enamel Hypoplasia (Df = 1, F1 = 1.2303 , p = 0.252) or Grave Marker Date (Df = 1, F1 =
3.3022 , p = 0.09). These statistics have been reported in Table E.10 (Appendix E), where they
have been performed with two different rarefied datasets to show how rarefaction affected
statistical significance.
Family Level Diversity
Since this sample set comes from one single location, Site is not useful for examining
differences, but it does prove useful to look at the overall diversity. In Figure 5.6A, it can be seen
that the relative diversity is composed of 10 distinct families. In order of relative abundance, they
are Bradyrhizobiaceae with 24%, 19% Clostridiales Family XIII, 10% Actinomycetaceae, 10%
Phyllobacteriaceae, 9% Anaerolineaceae, 7% Atopobiaceae, 6% Streptococcaceae, 5%
Streptomycetaceae, 5% Tannerellaceae, and 5% Burkholderiaceae (Figure 5.6B).
Figure 5.7 examines this abundance through the recorded ancestry. At this level NS5 and
NS12 still appear to be similar. Figures 5.8A-F are Shannon plots at the Phylum Level, looking
at different variables; A examines the combined alpha diversity, B examines the diversity of the
sampled tooth, and where it was from, C examines the diversity by sex, D examines diversity by
recorded ancestry, E examines the alpha diversity of individuals who had evidence of LEH, and
F examines the biodiversity of individuals who had dental caries, and those who did not.
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Figure 5.6

Family Level: Relative Abundance of New Salem

5.6A: Relative Abundance of individual samples. 5.6B: Relative Abundance of averaged samples
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Figure 5.7

Family Level: Relative Abundance split by Ancestry

Relative Abundance of individual samples split by osteological ancestry. The abbreviations are:
African American (AA), European American (EA), and Hispanic (H).
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Figure 5.8

Family Level: Shannon Diversity plots

5.8A: Shannon Diversity; 5.8B: by Tooth Sampled and Location; 5.8C by Sex; 5.8D: by
Ancestry; 5.8E: by LEH presence; 5.8F by Caries presence
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Genus Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Genus
level by using an Adonis PERMANOVA to attempt to identify any significant differences
between variables. Using this metric, no statistical variations were detected within the variables:
Sex (Df = 2, F1 = 0.85634 , p = 0.556), Age Group (Df = 2, F1 = 0.58534 , p = 0.86), Tooth
Sampled (Df = 1, F1 = 0.54765 , p = 0.79), Mandible or Maxilla (Df = 1, F1 = 0.92022 , p =
0.474), Ancestry (Df = 4, F1 = 0.63015 , p = 0.935), Dental Caries (Df = 1, F1 = 1.5231, p =
0.174), Linear Enamel Hypoplasia (Df = 1, F1 = 1.1899 , p = 0.268) or Grave Marker Date (Df =
1, F1 = 3.5751 , p = 0.09). These statistics have been reported in Table E.11 (Appendix E), where
they have been performed with two different rarefied datasets to show how rarefaction affected
statistical significance.
Genus Level Diversity
Since this sample set comes from one single location, Site is not useful for examining
differences, but it does prove useful to look at the overall diversity. In Figure 5.9A, it can be seen
that the relative diversity is composed of 9 distinct genera. In order of relative abundance, they
are Bradyrhizobium with 27%, 19% Actinomyces, 12% Mesorhizobium, 11% Olsenella, 9%
Streptococcus, 8% Tannerella, 7% Streptomyces, 5% Desulfobulbus, and 4% Porphyromonas
(Figure 5.9B).
Figure 5.10 examines this abundance through the recorded ancestry at the genus level.
Figures 5.11A-F are Shannon plots at the Phylum Level, looking at different variables; A
examines the combined alpha diversity, B examines the diversity of the sampled tooth, and
where it was from, C examines the diversity by sex, D examines diversity by recorded ancestry,
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E examines the alpha diversity of individuals who had evidence of LEH, and F examines the
biodiversity of individuals who had dental caries, and those who did not.
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Figure 5.9

Genus Level: Relative Abundance of New Salem

5.9A: Relative Abundance of individual samples. 5.9B: Relative Abundance of averaged samples
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Figure 5.10

Genus Level: Relative Abundance split by Ancestry

Relative Abundance of individual samples split by osteological ancestry. The abbreviations are:
African American (AA), European American (EA), and Hispanic (H).
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Figure 5.11

Genus Level: Shannon Diversity plots

5.11A: Shannon Diversity; 5.11B: by Tooth Sampled and Location; 5.11C by Sex; 5.11D: by
Ancestry; 5.11E: by LEH presence; 5.11F by Caries presence
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Species Level Bacterial identification
At the species level, bacteria were pulled out for further examination; these included the
Genera present in the relative abundance (Figure 5.9B) and known oral pathogens. Included are
members of the red complex (Porphyromonas gingivalis, Treponema denticola, and Tannerella
forsythia), cariogenic bacteria (Streptococcus mutans, and Olsenella sp. oral taxon 807),
periodontitis and gingivitis causing (Desulfobulbus oralis, and Treponema sp. OMZ 838),
unclassified oral taxa (Actinomyces sp. oral taxon 414 and Actinomyces sp. oral taxon 897) and
soil bacterial species (Bradyrhizobium spp. and Mesorhizobium spp.) Contributors over 10%
were bolded. These findings are summarized in Figure 5.12.
The members of the red complex were found alongside S. mutans, and several
uncharacterized oral Actinomyces taxa. Although Bradyrhizobium spp were present in all burials
and comprised more than 5% overall abundance in 8/14 burials. Because Bradyrhizobium was
found in high levels in the soil sample, and was found in all of the samples, the soil sample,
NS19, warranted further examination.
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Spec ies

Figure 5.12

New Salem Cemetery Curated Species chart

This chart represents a curated selection of the composition of the reconstructed oral microbiomes from the New Salem Cemetery
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Soil Sample Bacterial Characterization
Sample NS19 was a soil sample taken at the time of dental calculus sampling from a bag
of soil that was located in the vicinity of Burial 318. This sample was taken to give an account of
the soil microbiome at that site (Figure 5.13). When this one sample was filtered to Genera
comprising more than 1% of the total composition, only three genera were present; 86%
Bradyrhizbium, 9% Methlocystis, and 5% Rhodopseudomonas. Bradyrhizbium is a member of
the composition of the oral microbiome at the Genus level (Figure 5.9), so a manually curated
data set was produced that removed these three genera.

Figure 5.13

Genus Level: Soil Sample (NS19) relative abundance

This manually curated data set revealed oral microbiomes that had no non-oral taxa as the
main composition (Figure 5.14A). The relative abundance of the Genera from this set are as
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follows: 23% Actinomyces, 20% Mesorhizobium 14% Olsenella, 13% Streptomyces, 11%
Streptococcus, 10% Tannerella, 6% Desulfobulbus, and 4% Porphyromonas (Figure 5.14B).
The same statistics were performed on this data set, and despite removing several taxa,
there was no significance. Sex (Df = 2, F1 = 0.92117 , p = 0.477), Age Group (Df = 2, F1 =
0.60506 , p = 0.847), Tooth Sampled (Df = 1, F1 = 0.54964 , p = 0.79), Mandible or Maxilla (Df
= 1, F1 = 0.84728 , p = 0.558), Ancestry (Df = 4, F1 = 0.56468, p = 0.969), Dental Caries (Df = 1,
F1 = 1.4183, p = 0.251), Linear Enamel Hypoplasia (Df = 1, F1 = 1.0685 , p = 0.352) and Grave
Marker Date (Df = 1, F1 = 3.6564 , p = 0.09) were not significant. This indicates that the
environmental contamination did not have an effect of the reconstructed oral microbiome
significance.
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Figure 5.14

Genus Level: Relative Abundance Soil bacteria removed

5.14A: Relative Abundance of individual samples. 5.14B: Relative Abundance of averaged samples

170

Discussion
Statistical Analyses
From the statistical tests, of the taxonomic composition of the microbiome at three levels,
with three sets of rarefactions, and at the genus level with the soil microbes removed, statistical
significance was not found. The variables of Sex, Age Group, LEH, and Dental Caries produced
no significance, showing that the reconstructed oral microbiomes of individuals at this site are
very similar. Random forest analysis was not performed because of the absent statistical power.
As it stands, this shows that the oral microbiome among individuals are quite similar. In order to
parse out why, the historical circumstances surrounding this cemetery must be examined. It may
very well be that diet amongst the individuals who lived in Hinds County Mississippi during this
time was similar, notwithstanding the ancestry or social status.
Biodiversity and Composition
This cemetery was active for approximately 100 years of significant cultural and dietary
changes, and with the earliest burials occurring in the mid 1800’s (Boudreaux 2018c), and the
last burial dated to 1949. Of the 356 burials recovered from New Salem cemetery, the 14
sampled here are most likely not indicative of the total biodiversity at the site. But, as
preservation was poor, the samples here are those that are able to be examined.
Similar to the results from Chapter 4, there was no one main bacterial colonizer present in
all microbiomes at these sites. Bradyrhizobium and Mesorhizobium were present in all samples,
but not to any overwhelming level. And of the bacterial species that were present, many were
oral taxa.
During this era in the United States, populated areas and large urban cities were
industrialized, in that there were processed agricultural products available, but for poor
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individuals or areas without means, diet would have been supplemented with homegrown foods
and crops (Ferguson 2012). Mississippi at this time was very rural, and most populations in
similar areas survived by farming personal crops (Grim 1990). Although the land in this area at
the time was fertile for agricultural use, cotton and other important economic crops took
precedence over subsistence crops (Clay et al. 2019). The earliest individuals that moved to this
area probably moved to claim or lease land in order to grow cotton for trade, as there was a large
cotton market in the nearby town of Clinton (Boudreaux 2018c). If these individuals were a part
of this market environment, space and time for the growing of food crops may have been scarce,
and as a result, staple foods would have to be purchased (Burkholder et al. 1944; Clay et al.
2019). This may be a possible hypothesis as to why they had similar microbiomes; they were
consuming similar foodstuffs.
Specific Species
Microbiome composition
While there were no dominant taxa within these samples, some species were present in
all the samples of dental calculus, such as Actinomyces sp. oral taxon 414, Actinomyces sp. oral
taxon 897, Bradyrhizobium spp., Desulfobulbus oralis, Mesorhizobium spp., Olsenella sp. oral
taxon 807, Porphyromonas gingivalis, Streptococcus sanguinis, Streptomyces spp., and
Tannerella forsythia.
Characterizing flora
For this site, there does not appear to be any particular characterizing species, nor is there
seemingly any distinctive group of bacteria. Actinomyces spp.414 and 897 appear, but little is
known about these species, evidently beyond their characterization, as there are no published
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papers referencing these taxa. Bradyrhizobium is present in the dental calculus, but is also
visible in the soil sample, and is likely to be a soil contaminant (Elsheikh and Wood 1995; Thies
et al. 1995). Although it is interesting to note that Bradyrhizobium is affected by the nitrogen
concentration of the soil (Thies et al. 1995), and there is evidence of nitrogen rich Peruvian bat
guano being imported into the Untied States (Taylor 1953) for nitrogen supplementation of
cotton crops, as increased nitrogen values aid in growth (Torbett et al. 2008). Bradyrhizobium
may be higher in these samples due to their proximity, pre- and post-mortem, to the cotton
industry.
Pathogenic flora
Tannerella forsythia, an oral pathogen that causes periodontitis and is a member of the
red complex (Holt and Ebersole 2005; Sharma 2010), was found in all the samples of dental
calculus, and was found in a total abundance greater than 5% in four distinct burials. Another
member of the red complex Porphyromonas gingivalis was found in all burials, but elevated in
two. Carious bacteria Streptococcus mutans and Olsenella sp. oral taxon 807 were found, with
the latter appearing at greater than 5% in four separate burials. Burials NS10, and NS11 have
elevated levels of T. forsythia and Olsenella, potentially indicating dysbiosis or oral pathology.
Burial NS14 has a relatively high percentage of three pathogenic flora; 13.32% Porphyromonas
gingivalis 6.79% Olsenella sp. oral taxon 807 and 5.55%. Tannerella forsythia.
Potential Soil Contamination
Something possible to note is that of the three sample sets in this dissertation, the New
Salem Cemetery was the most recent, from ~100 years before present compared to ~500-800 ybp
for the most recent Native American and Maya samples. These were also the freshest out of the
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ground; they were sampled within a month of them arriving to the curation and examination
laboratory at the University of Mississippi. Possibly the reason that the oral microbiome shows a
higher level of soil bacteria reads is due to the newer DNA still present on the surface. During
processing, these samples were not bleach surface sterilized, but were rinsed with moleculargrade water. It may be possible that this speedy collection biased the oral microbiome towards
the soil composition.
Concurrent and Additional Analyses
Outside analyses are quantifying the strontium isotopes to determine if individuals were
local or nonlocal, oxygen and nitrogen values of teeth to determine the composition of diet, and
genomics work on the teeth themselves is being undertaken to examine the genealogy and
potential relationships within the site itself. This, then combined with the microbiome work
would reveal more information about the health of the individuals who were interred at this
Cemetery. Even including “classic” archaeological analyses may yield dividends; for instance,
would a factor like wealth, signaled only by the type of coffin hardware in the grave, reveal more
about social status and diet when analyzed alongside the oral microbiome?
As more work occurs into the reconstruction of the life histories of these burials, an
actual chronology of life and death dates may be established. This would be more useful in both
statistical and biodiversity analyses, as a temporal component would allow for the changing (or
not-changing) of the microbiome to be observed. Although this may prove difficult as the New
Salem Cemetery was in a state of disrepair, with grave markers having eroded, broken, and fallen
over.
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Conclusions
The null hypothesis held within this dataset; there was no observable statistical difference
between individuals at this site. Given the low sample size, this is not a complete surprise.
Additionally, as previously mentioned, subsistence patterns, as well as close geographical
proximity between individuals would also be likely to account for similar microbiomes. Dietary
analysis suggested similar food types, although NS18 (NSC234) consumed more C4 foods (such
as corn and/or molasses-based foods) than the others in the sample (Carolyn Freiwald, personal
communication). Despite all of the analyses that are being performed to try and reconstruct the
identities of the individuals interred in the cemetery, genetic, osteological, and historic
information may set up false expectations about shared or divided lives, if any of these venues
seem to be in conflict with each other.
Notwithstanding, these data are a valuable addition to the growing datasets of historic
oral microbiomes for understanding pathogen carriage and evolution, as well as changes in
microbiomes in response to changes in patterns of subsistence.
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CHAPTER VI
COMPARISONS BETWEEN DATA SETS
Individually, each sample presented in this Dissertation is important in that it can inform
us about the health of specific groups, and together, each serves as a chapter of the health history
of the evolution of the human oral microbiome. While these groups as presented in this
dissertation are not directly comparable with each other on every metric, there is one cultural
aspect that is well worth examining, the adoption and intensification of agriculture. Knowing that
diet affects the oral and gut microbiomes (Hyde et al. 2014; Singh et al. 2017), that dietary
subsistence patterns affect health and disease (Armelagos and Harper 2005a; Armelagos and
Harper 2005b), and that the oral microbiome affects oral and systemic health (Meurman et al.
2004; Wade 2013), examining these reconstructed oral microbiomes with reference to agriculture
may reveal interesting patterns.
Agricultural Subsistence on the Oral Microbiome
By overlaying the changes in subsistence patterns, the disparities between social groups,
and comparing with published data, questions about the impact of diet on disease can be
examined, as well as largescale shifts over time. The inclusion of samples from various cultures,
sexes, and times will allow for a greater variety of questions to be asked, and for a deeper
understanding of the correlations between diet and the oral microbiome to be examined. Figure
6.1 shows the approximate location of these sites within North and Central America.
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Figure 6.1

Map of All site locations

This map of the Americas shows the locations of all of the sites used in this dissertation, and
their relation to each other on the continent.
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Timeline Overlap
When the timelines of these samples are mapped out linearly, it can be seen that there is
some overlap between the Native American and Maya groups. In Figure 6.2, the chronology of
the samples in this dissertation can be seen: The Native American samples from Chapter 3 are in
red, the Maya from Chapter 4 are in green, and the New Salem cemetery from Chapter 5 is in
blue. In Chapter 3, it was mentioned that agriculture began in the Southeastern United States
around the Middle Woodland period (Schoeninger 2009), and gradually was adopted, until it was
both widespread and widely adopted in the Mississippian Period (Miller 2018). The Maya started
utilizing agriculture during the Late Preclassic and practiced it through collapse of the Maya
empire, at the end of the Terminal Classic period (Harvey 2018). The New Salem cemetery does
not overlap with the other two sample sets, and although was during the post-industrial period, is
actually more representative of a pre-industrial agrarian society (Boudreaux 2018c; Clay et al.
2019).

Figure 6.2

Timeline of the Samples in this dissertation

This image compares the order of the sample group used in this chapter. The green line denotes
the introduction of agriculture.
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Based on these overlaps, the samples were divided into Zones 1-6, in order to examine
subsistence pattern overlaps (Table 6.2). Zone 1 (N=19) is the Pre-Agriculture era, with the
samples from the Late Archaic and Early Woodland (Native American) and the Preclassic
(Maya). Zones 2-5 are the agricultural zone, when agriculture was adopted and intensified. Zone
2 (N=15) is the Middle Woodland (Native American) and the Early Classic (Maya). Zone 3
(N=18) is the Middle-Late and Late Woodland periods (Native American) as well as the Late
Classic (Maya). Zone 4 (N=7) consists of the Early Mississippians (Native American) and the
Terminal Classic (Maya). Zone 5 (N=8) consists of the Mississippian (Native American)
samples. Zone 6 is the modern post-industrial era, where agriculture was fully practiced, and it
was feasible to purchase processed food items. Zone 6 (N=12) contains the New Salem
Cemetery. This variable was entered into the metadata and used as a point of division for
analysis and statistical testing.
Table 6.2

Agricultural Time Zone subdivision

PreAgriculture
Zone 1
N=19
Late Archaic
(Native)

Agriculture
Zone 2
N=15
Middle
Woodland
(Native)
Early
Classic
(Maya)

Modern

Zone 3
Zone 4
Zone 5
Zone 6
N=18
N=7
N=8
N=12
Middle-Late
Early
Mississippian New Salem
Woodland
Mississippian
(Native)
Cemetery
(Native)
(Native)
Early
Late
Terminal
Woodland
Woodland
Classic
(Native)
(Native)
(Maya)
Preclassic
Late Classic
(Maya)
(Maya)
This table shows the divisions of the groups into the Agricultural Zone variables that were used
for analysis.
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Hypothesis
This section will analyze samples of ancient human dental calculus from North and
Central America, which will be examined for the changes within the oral microbiome with
specific relation to agriculture. As well as the potential for an increased presence of pathogens
associated with an increase in an agricultural and simple carbohydrate-rich diet. The samples
span a period of several thousand years (4,000-100 years BP) allowing for the examination of
changes with relation to agriculture. A null hypothesis is offered that when splitting the samples
based on the Agriculture Zones from Table 6.2, there will be no significant differences in
microbial diversity. As the main corollary, it is hypothesized that there are significant differences
between these Agriculture Zones detectible in the reconstrued microbiomes.
Methodology
Sampling Methodology
Dental calculus on each of these individuals was identified, and photographed. This was
performed following previously established standards for the treatment and extraction of DNA
from dental calculus (Warinner et al. 2014b).
The methodology for the full preparation and analysis of ancient DNA from samples of
dental calculus was performed in five separate stages: 1) the isolation of the DNA in a clean
laboratory environment; 2) the library preparation 3) the indexing of the DNA; 4) the shotgun
metagenomic sequencing of the prepared libraries utilizing Next Generation Sequencing; and 5)
the analysis of the metagenomic data.
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Sample Collection
Sample collection occurred in a portable PCR visualization cabinet. Prior to any sample
examination or collection, the collection hood was decontaminated with a 10% bleach solution,
followed by 70% molecular grade isopropanol and the equipped UV light. Appropriate personal
protective equipment (PPE) was worn, including gloves, goggles, a mask, and a disposable lab
coat. All tools and trays were wiped down with the bleach and isopropanol before and after each
use. Each collection tube had been prepared in a clean biological safety cabinet, and a fresh piece
of aluminum foil was used for each collection. The samples of calculus were removed using a
sterilized dental scaler that was sterilized between every sample using a 10% bleach solution
followed by rinsing in sterile, molecular grade water to degrade the bacterial DNA and prevent
cross contamination.
Sample storage
The samples were placed individually into sterile 2.0 mL screw-top Eppendorf centrifuge
tubes containing 250 μL of RNA Protect. Parafilm was used to seal each tube, and when a
sample set was fully collected, the box was sealed and placed into storage to only be opened in
the aDNA laboratory.
aDNA and Modern laboratory work
The first through third stages were performed in the specialized ancient DNA laboratory,
or the modern biological laboratory at the Centre for GeoGenetics, Natural History Museum of
Denmark, University of Copenhagen, Denmark. This is a clean laboratory that is accessed
through two sets of positively pressured anterooms, in order to prevent contamination. The
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researchers entering the laboratory decontaminate in the first anteroom, and in the second, put on
sterile full-body 3M protective suits, masks, and double sets of gloves.
All sample handling and procedures were performed under a laminar flow hood. The
sample containers were decontaminated, the RNA Protect removed, and the samples were rinsed
in molecular grade nuclease-free water. Calculus samples were transferred to 5mL DNA LoBind
Eppendorf tubes, with a proprietary enzymatic buffer, and allowed to demineralize overnight.
After 12 hours, the solution was centrifuged and solid remnants of dental calculus were stored in
a -4°C freezer. The supernatant was transferred to separate tubes and an in-house silica bead
protocol was used to isolate the DNA. Immediately following isolation, the DNA was cleaned
using Qiagen MinElute filters. The DNA was then stored in 1.5mL Eppendorf Biopur tubes, in a
-4°C freezer. DNA extracts were assayed for fragment length and concentration on an Agilent
2200 TapeStation System, using the High-Sensitivity D1000 ScreenTape.
After DNA extracts and lengths were verified, the DNA samples were built into DNA
libraries using the Blunt-End Single Tube (BEST) protocol, as it was better for retaining short
fragments of DNA from damaged or precious samples (Carøe et al. 2017). Built libraries were
then examined for read length and DNA molarity on an Agilent Bioanalyzer 2100 using a DNA
Chip. A qPCR set was run in order to examine the amplification curves to determine the ideal
cycle number for maximally amplified libraries without biases, and indexing PCR was
performed following published protocols (Carøe et al. 2017). This was followed by a SPRI bead
cleanup, using a ratio of 1.8:1 µl (bead volume: library volume). This was done to select for all
the shortest DNA fragments, with as few improper fragments as possible. These libraries were
set up for indexing PCR in the ancient laboratory and transferred to the modern laboratories to be
run. Library building and indexing was performed with the BGI 2.0 indexes and adapters.
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After the indexed DNA was assayed for sample length and concentration, samples were
pooled, as the concentrations were too low to allow for single sample sequencing, and were
concentrated to minimum of 200ng per ~50uL using a centrifugal evaporator. These samples
were then sent to the BGI Group for Paired-End 100 sequencing on a BGISEQ-500.
Contamination Control
As each of these samples is precious and cannot typically be replicated, any
contamination within the sequenced DNA could be problematic. Therefore, it was imperative to
use proper decontamination techniques as well as sampling and laboratory controls, in order to
ensure a low or non-existent level of contamination. In the potential event of contaminated
samples, we would be able to identify when a sample was contaminated by examining both the
sampling or laboratory controls.
Sampling controls
Contamination can only be accounted for from the first point of contact within this study,
and it was at this point where these measures began. As stated, these samples were curated at
UA, having been excavated during the mid-20th century, and in that time were handled during
research and osteological cataloging. Sampling controls were taken during the sample collection
phase of the research, and occurred on site. Before sample collection, a hood swab and a
negative control were taken, and every 7-8 samples a sterile sampling control was taken using
the same tools and methods. Swabs were taken by dipping a sterile cotton tipped applicator into
an individual aliquot of molecular-grade water, and wiping the surface in question. Additionally,
swabs were taken of the collection facility and other benchtops surfaces. These controls were
stored in the same manner as the samples of dental calculus.
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Ancient DNA laboratory
Within the ancient DNA laboratory there were several levels of containment in order to
prevent contamination of the samples by modern DNA. The laboratory was designed to limit
contact with modern amplified DNA, and had several protocols in place. A common anteroom
and hallway linked the two halves of the laboratory; one half for human-related samples and the
other for animal-related samples. The laboratories were under positive pressure, marked by the
pressure gauges, and if doors were left open or the pressure dropped below a certain level an
alarm would go off, indicating an issue. Before performing any work in the lab, the biological
safety cabinets, work benches, and all other surface used were wiped down with bleach and
alcohol. Weekly the laboratory was fully cleaned with bleach and alcohol. Finally, from 02:0004:00 each day, UV lights in the ceiling were illuminated, decontaminating the laboratory
spaces.
No experiments or work using or creating amplified DNA occurred in the aDNA
laboratories. qPCR and PCR were setup in this lab, but needed to be transported to the modern
laboratory to be run. For this project, DNA extraction, qPCR setup, library building, and
indexing setup were the only projects performed in the aDNA lab. All quality control work,
TapeStation, Qubit, and Bioanalyzer 2100 runs were performed in the modern laboratory with
aliquots of DNA extracts or libraries prepared in the ancient lab.
First, in order to enter the laboratory, an experimenter could not have been in the modern
laboratory that day, without taking a shower and changing clothing. Shoes were removed and
one-use booties were put over socks. The 1st anteroom and hallway were accessible through a
locked door. In here were -20C freezers as well as storage for pipette tips and other laboratory
materials. The 2nd anteroom led to the laboratory, and was accessible through a second locked
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door. In this anteroom, the following entrance procedure must be followed before entering the
laboratory proper: 1) Putting on an initial pair of gloves, 2) putting on a disposable laboratory
mask, 3) putting on a hairnet, 4) putting on a full-body Tyvek suit. 5) putting on a pair of sleeves
over the Tyvek suit, 6) putting on a second pair of gloves, 7) putting on a pair of clogs. At this
point, once the pressure has equalized, the door into the lab can be entered. Bleach solution was
prepared as needed, and gloves and work spaces were wiped down. Everything was cleaned after
the completion of work, all pipettes were wiped, and all tube racks dipped in the bleach solution
and left to dry. The entrance procedure was then reversed to remove all the PPE and exit the
laboratory.
Laboratory controls
Laboratory controls were generated during the processing of the dental calculus while in
the aDNA laboratory. A control sample was included at the end of each set of DNA extractions,
leading to the extraction controls. And a library control was generated during the building of
each set of libraries. These controls were carried forward and sequenced alongside the
experimental samples and the reported in results are found in Appendix F
Analysis of sequenced Data
The sequenced data that was received from BGI was stored at the High-Performance
Computing center at UCPH. Once the data were demultiplexed, Paleomix, a pipeline that was
developed especially for the degraded short read fragments present in aDNA, was used to
remove the adapters, perform trimming, filtering, and mate-pair collapse (Schubert et al. 2014).
MapDamage plots were generated in order to examine the patterns of damage of the DNA.
FastQC (Andrews 2010) and were then used to check the collapsed FASTQ files for their quality
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using the preset parameters. MultiQC (Ewels et al. 2016) was then used to combine the
individual reports into one. Kraken2 (Wood et al. 2019; Wood and Salzberg 2014) used the
collapsed FASTQ files and produced Kraken files and Kraken reports, a text version which is
able to be read by other applications. The Kraken report was used to generate interactive Krona
graphs (Ondov et al. 2011). Pavian (Breitwieser and Salzberg 2016) a shiny based R application
was used to visualize the analyses, and filter non-bacterial reads, and generate the OTU tables at
all taxonomic levels.
No samples were removed from the datasets, despite read length, quality, or depth,
because of the unique nature of each sample of dental calculus.
R, R packages, and Statistics
R, and the packages vegan, ggplot2, plyr, dplyr, Phyloseq, RandomForest, KNITR (Liaw
and Wiener 2002; McMurdie and Holmes 2013; Oksanen et al. 2013; Team 2019; Wickham
2011; Wickham 2016; Xie 2013) were used to analyze the data, and RStudio was used as the
interface (Team 2015). The metadata, and the specific OTU tables were uploaded and used to
make the 4-D objects for analyses. Shannon analyses were used to calculate the Alpha diversity
(diversity within a variable), and Bray Curtis was used to calculate the Beta diversity and
generate p values (diversity compared between variables). An Adonis Permutational multivariate
analysis of variance (PERMANOVA) from R-vegan (Oksanen et al. 2013) was used to compare
the different groups, and determine if they did or did not have the same centroid. Pairwise
Adonis Permanova Tests were used as a post-hoc test for specific variables to determine where
significance occurs between sample groups.
Nonmetric multidimensional scaling (NMDS) plots were chosen for the microbiome data
as the plots use Bray-Curtis, and is not affected by null values, which would be present when a
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sample does not have a specific OTU (Ramette 2007). Random Forest analyses were used to
measure the most important classifying OTU's at taxonomic levels for Time Period and Site.
This was performed with both unrarefied and rarefied data. The rarefied dataset was rarefied to
the lowest number of assigned reads. Rarefication was performed twice, once to the minimum
number of reads, and once to 1 million reads. This was done in order to remove rare taxa, and
taxa with low reads, to compare the statistics at each level, and to examine the see the overall
most important classifying OTUs for the Random Forest Analyses. It will be explicitly stated if a
test or graph has been generated with a rarefied data set.
Results
Sequence Data
The full post-processing data showing DNA reads are reported in table C.2, C.3, and C.4
(Appendix C). For the 79 unique samples, there was an average of 34.9 million collapsed read
pairs, with an average length of 79 base pairs. The average GC content was 48% for these
samples. Figure 6.2 shows the percent of reads that successfully classified at the different
taxonomic levels. Kraken2 taxon classification showed a decreasing classification through the
genus level. Data from the phyla, family, and genus levels were examined.
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This figure is drawn from the Pavian extraction of the data, and shows the decrease in the
classification of reads. This chart uses at the maximum, for each sample, the number of reads
that classified to the Domain Bacteria, and subsequent taxonomic levels.

Phylum Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Phylum
level by using an Adonis PERMANOVA to identify significant differences between Time Period
(Df = 11, F1 = 1.6112, p = 0.009 **), Sex (Df = 2, F1 = 2.069, p = 0.033 *), and Agriculture
Time Period (Df = 5, F1 = 2.2257, p = 0.001 ***). Significance was not found within Tooth
Sampled (Df = 3, F1 = 1.2624, p = 0.23), Mandible or Maxilla (Df = 1, F1 = 0.66939, p = 0.668),
and Age Group (Df = 4, F1 = 1.307, p = 0.208). These statistics have been reported in Table E.12
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(Appendix E), where they have been performed with two different rarefied datasets to show how
rarefaction affected statistical significance.
Phylum Level Diversity
Examining these samples along their subsistence zone patterning (Figure 6.4A), it was
found that Zone 1 (N=19) was comprised of 33% Chloroflexi, 26% Actinobacteria, 21%
Proteobacteria, 16% Firmicutes, and 4% Bacteroidetes. Zone 2 (N=15) was comprised of 32%
Proteobacteria, 29% Actinobacteria, 18% Firmicutes, 15% Chloroflexi, and 6% Bacteroidetes.
Zone 3 (N=18) was comprised of 32% Actinobacteria, 22% Chloroflexi, 22% Proteobacteria,
19% Firmicutes, and 5% Bacteroidetes. Zone 4 (N=7) was comprised of 31% Proteobacteria,
29% Actinobacteria, 21% Firmicutes, 14% Chloroflexi, and 5% Bacteroidetes. Zone 5 (N=8)
was comprised of 31% Proteobacteria, 24% Actinobacteria, 22% Firmicutes, 15% Chloroflexi,
and 8% Bacteroidetes. And Zone 6 (N=12) was comprised of 47% Proteobacteria, 23%
Firmicutes, 20% Actinobacteria, 5% Bacteroidetes, and 5% Chloroflexi (Figure 6.4B). It can be
seen that over time, as agriculture becomes more practiced, Chloroflexi decreases in presence,
while Firmicutes and Proteobacteria increase.
Figure 6.5 is a Shannon diversity plot looking at the Phylum diversity over time, and it
can be seen that the average diversity increases with time, and potentially agriculture, until the
Modern samples where the range is much broader. Figure 6.6 is a Shannon that splits the
agricultural zone periods by the sample type; Maya, Native American, and New Salem. The
trends observed Figure 6.5 are still observed here. Figure 6.7 looks at the actual Time Periods
that are within the agricultural zones, comparing the approximate times from different
collections. Interestingly, the Maya samples seem to be less diverse than the Native American
groupings from the same era. Figure 6.8 looks at the agricultural zone periods Shannon diversity
189

by the site where each sample comes from. With the exceptions of 1JA940 and the New Salem
cemetery, each site has at least two separate agricultural zones, where the average diversity is
increasing over time.
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Figure 6.4

Phylum Level: (A) Zone relative abundance (B) Average Zone relative abundance

6.4A: Relative Abundance of individual samples. 6.4B: Relative Abundance of averaged zones
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Figure 6.5

Phylum Level: Shannon Diversity Split by Agricultural Time Zone

Figure 6.6

Phylum Level: Shannon Diversity split by Sample Group
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Figure 6.7

Phylum Level: Shannon Diversity Split by Zone and labeled with Time Period
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Figure 6.8

Phylum Level: Shannon Diversity Split by Sample Location and labelled with
Agricultural Time Zone
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Family Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Family
level by using an Adonis PERMANOVA to identify significant differences between Time Period
(Df = 11, F1 = 2.3005, p = 0.001 ***), Sex (Df = 2, F1 = 1.7428, p = 0.039 *), Tooth Sampled
(Df = 3, F1 = 1.8117, p = 0.017 *), and Agriculture Time Period (Df = 5, F1 = 2.7896, p = 0.001
***). Significance was not found within Mandible or Maxilla (Df = 1, F1 = 0.9503, p = 0.422),
and Age Group (Df = 4, F1 = 1.2193, p = 0.2). These statistics have been reported in Table E.13
(Appendix E), where they have been performed with two different rarefied datasets to show how
rarefaction affected statistical significance.
Family Level Diversity
Within the Family taxonomic level, 10 main taxa were found to be the main composing
agents (Figure 6.9A). Looking across the averaged agricultural zones (Figure 6.9B), we see that
Zone 1 (N=19) was comprised of 36% Anaerolineaceae, 15% Atopobiaceae, 11%
Streptococcaceae, 7% Actinomycetaceae, 6% Desulfobulbaceae, 6% Comamonadaceae, 6%
Clostridiales Family XIII, 6% Propionibacteriaceae, 4% Neisseriaceae, and 2% Tannerellaceae.
Zone 2 (N=15) was comprised of 20% Anaerolineaceae, 13% Comamonadaceae, 12%
Streptococcaceae, 11% Atopobiaceae, 10% Actinomycetaceae, 9% Propionibacteriaceae, 8%
Clostridiales Family XIII, 6% Desulfobulbaceae, 5% Neisseriaceae, and 4% Tannerellaceae.
Zone 3 (N=18) was comprised of 27% Anaerolineaceae, 18% Atopobiaceae, 11%
Streptococcaceae, 9% Actinomycetaceae, 9% Propionibacteriaceae, 7% Clostridiales Family
XIII, 7% Desulfobulbaceae, 6% Comamonadaceae, 4% Tannerellaceae, and 2% Neisseriaceae.
Zone 4 (N=7) was comprised of 17% Comamonadaceae, 17% Anaerolineaceae, 12%
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Actinomycetaceae, 12% Streptococcaceae, 11% Atopobiaceae, 11% Clostridiales Family XIII,
8% Propionibacteriaceae, 5% Neisseriaceae, 5% Desulfobulbaceae, and 2% Tannerellaceae.
Zone 5 (N=8) was comprised of 20% Anaerolineaceae, 16% Streptococcaceae, 14%
Comamonadaceae, 8% Actinomycetaceae, 8% Propionibacteriaceae, 8% Atopobiaceae, 8%
Clostridiales Family XIII, 7% Neisseriaceae, 5% Desulfobulbaceae, and 5% Tannerellaceae. And
zone 6 (N=12) was comprised of 27% Clostridiales Family XIII, 16% Actinomycetaceae, 15%
Anaerolineaceae, 11% Atopobiaceae, 8% Streptococcaceae, 6% Tannerellaceae, 5%
Comamonadaceae, 5% Desulfobulbaceae, 4% Propionibacteriaceae, and 1% Neisseriaceae.
Figure 6.10 is a Shannon plot of the agricultural zone time period Family Taxa diversity
over time. It is interesting to see that the more diverse sample from Zone 1 (Early Woodland) is
at approximately the same level as the samples from Zone 2 (Early Classic) leading to the
skewing of the Shannon graphs (Figure 6.11). Because Sex was significant at this level, Figure
6.12 examines the diversity according to sex, in each of the different zones. Figure 6.13 looks at
the actual Time Periods that are within the agricultural zones, comparing the approximate times
from different collections. Finally, Figure 6.14 looks at the Shannon diversity of the agricultural
zone periods by the site where each sample comes from. It can be seen here the New Salem
population seems to have a high Shannon Diversity, when compared to the rest of the data.

196

Figure 6.9

Family Level: (A) Zone relative abundance (B) Average Zone relative abundance

6.9A: Relative Abundance of individual samples. 6.9B: Relative Abundance of averaged zones
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Figure 6.10

Family Level: Shannon Diversity Split by Agricultural Time Zone

Figure 6.11

Family Level: Shannon Diversity split by Sample Group
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Figure 6.12

Family Level: Shannon Diversity split by Sex over Agricultural Zone
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Figure 6.13

Family Level: Shannon Diversity Split by Zone and labeled with Time Period
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Figure 6.14

Family Level: Shannon Diversity Split by Sample Location and labelled with
Agricultural Time Zone
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Genus Level
Statistical Results
Statistical differences were demonstrated in the entire non-rarefied dataset at the Genus
level by using an Adonis PERMANOVA to identify significant differences between Time Period
(Df = 11, F1 = 2.1297, p = 0.001 ***), Tooth Sampled (Df = 3, F1 = 1.894, p = 0.006 **), and
Agriculture Time Period (Df = 5, F1 = 2.6504, p = 0.001 ***). Significance was not found
within Sex (Df = 2, F1 = 1.5695, p = 0.058), Mandible or Maxilla (Df = 1, F1 = 0.84017, p =
0.56), and Age Group (Df = 4, F1 = 1.277, p = 0.142). These statistics have been reported in
Table E.14 (Appendix E), where they have been performed with two different rarefied datasets to
show how rarefaction affected statistical significance.
Pairwise Adonis Permanova tests were performed on the non-rarefied dataset to see
significance between groups. For the agricultural zones, 15 tests were performed examining the
pairs between the 6 groups, with three test pairs showing significance. The full statistical chart is
reported in Figure E.15 (Appendix E). The first group between Zone 1 and two others; Zone 1Zone 2 (Df = 4, F1 = 1.9585, p = 0.003 **) and Zone 1-Zone 3 (Df = 5, F1 = 1.5755, p = 0.033
*). The second group was between Zone 2 and two others; Zone 2-Zone 3 (Df = 5, F1 = 1.642, p
= 0.018 *), and Zone 2-Zone 5 (Df = 2, F1 = 1.6628, p = 0.02 *). The final group were the
differences between Zone 6 and the others; Zone 1-Zone 6 (Df = 2, F1 = 3.7757, p = 0.001 ***),
Zone 2-Zone 6 (Df = 3, F1 = 2.3422, p = 0.002 **), Zone 3-Zone 6 (Df = 5, F1 = 2.5257, p =
0.001 ***), Zone 4-Zone 6 (Df = 4, F1 = 1.8993, p = 0.008 **), and Zone 5-Zone 6 (Df = 1, F1 =
3.6782, p = 0.001 ***).
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Genus Level Diversity
Similar to the Family level, there were 10 main taxa that comprised the relative
abundance (Figure 6.15A). When averaged (Figure 6.15B), the agricultural zones are as follows,
zone 1 (N=19) was comprised of 31% Olsenella, 17% Streptococcus, 15% Desulfobulbus, 13%
Actinomyces, 6% Ottowia, 6% Pseudopropionibacterium, 5% Tannerella, 4% Neisseria, 2%
Treponema, and 1% Desulfomicrobium. Zone 2 (N=15) was comprised of 17% Streptococcus,
16% Olsenella, 15% Actinomyces, 13% Ottowia, 11% Pseudopropionibacterium, 10%
Desulfobulbus, 6% Tannerella, 5% Neisseria, 4% Desulfomicrobium, and 3% Treponema. Zone
3 (N=18) was comprised of 28% Olsenella, 15% Streptococcus, 14% Actinomyces, 11%
Desulfobulbus, 9% Pseudopropionibacterium, 7% Ottowia, 7% Treponema, 4% Tannerella, 3%
Desulfomicrobium, and 2% Neisseria. Zone 4 (N=7) was comprised of 19% Ottowia, 17%
Actinomyces, 16% Olsenella, 15% Streptococcus, 11% Pseudopropionibacterium, 8%
Desulfobulbus, 5% Desulfomicrobium, 4% Neisseria, 3% Tannerella, and 3% Treponema. Zone
5 (N=8) was comprised of 19% Streptococcus, 16% Ottowia, 12% Olsenella, 11% Actinomyces,
10% Pseudopropionibacterium, 8% Desulfobulbus, 8% Desulfomicrobium, 7% Tannerella, 7%
Neisseria, and 3% Treponema. And the final Zone 6 (N=12) was comprised of 32%
Actinomyces, 21% Olsenella, 11% Streptococcus, 11% Tannerella, 10% Desulfobulbus, 5%
Treponema, 5% Pseudopropionibacterium, 2% Neisseria, 2% Ottowia, and 1%
Desulfomicrobium.
Figure 6.16 is the Shannon plot of the Agricultural Zone period Genera diversity over
time. In Figure 6.16, the same increased samples can be seen on the Zone 1 and Zone 2, as could
be seen at the Family level (Figure 6.11). Figure 6.17 is showing that the Shannon diversity at
the Genus level begins to lose the semblance of trends when split by sample group. While Sex
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was no longer significant at this level, Time Periods remains significant, and alpha diversity was
within the Shannon plot (Figure 6.18) examined the Time Periods present in Agricultural Zones.
And finally, Figure 6.19 looks at the Shannon diversity of Genera in the agricultural zone periods
by the site where each sample comes from.
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Figure 6.15

Genus Level: (A) Zone relative abundance (B) Average Zone relative abundance

6.15A: Relative Abundance of individual samples. 6.15B: Relative Abundance of averaged zones

205

Figure 6.16

Genus Level: Shannon Diversity Split by Agricultural Time Zone

Figure 6.17

Genus Level: Shannon Diversity split by Sample Group
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Figure 6.18

Genus Level: Shannon Diversity Split by Zone and labeled with Time Period
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Figure 6.19

Genus Level: Shannon Diversity Split by Sample Location and labelled with
Agricultural Time Zone
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Species Level Bacterial identification
At the species level, bacteria were curated for further examination; these included the
Genera present in the relative abundance (Figure 6.15B) and known oral pathogens, which have
also been examined in the previous three chapters. Included are members of the red complex
(Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia), cariogenic bacteria
(Streptococcus mutans, and Olsenella sp. oral taxon 807), periodontitis and gingivitis causing
(Desulfobulbus oralis), unclassified oral taxa (Actinomyces sp. oral taxon 414 and Actinomyces
sp. oral taxon 897. Contributors over 5% were bolded. These findings are summarized in Figure
6.20. The bacterial reads were summarized and averaged according to their Agricultural zone,
and the percentage represents actual presence in samples based on species reads. Any combined
categories (Streptococcus spp.) necessarily removed the reads of any other species with the same
genus, to avoid that species counting twice in the microbiome characterization.
In these microbiomes, oral pathogens were found alongside normal colonizing flora of
the oral microbiome. The only species that is found above 5% in all the sample is
Anaerolineaceae bacterium oral taxon 439, although several others appear in the agricultural
zones, at a higher level than in the non-agricultural period.
Figure 6.21 is closer look at Agricultural Zones 1 and 2, examining the percentage
change from Zone 1 to Zone 2. These two periods are of particular interest, as they represent the
period before and after agriculture.
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Figure 6.20

Agriculture Zones Curated Species chart

This chart represents a curated selection of the composition of the reconstructed oral
microbiomes from all of the data within this dissertation. The groups were then averaged by the
agricultural zone that they were grouped into.
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Figure 6.21

Percent change of the Oral microbiome from Zone 1 to Zone 2

This chart represents the percent change in the averaged microbiome composition from
Agricultural Zones 1 and 2. The percentages have been rounded to two decimal places for
legibility. Positive percentage change is marked by a green cell, while negative change is marked
by a red cell. Percentages above or below 50% are italicized, and percentage changes above
100% are italicized and bolded.
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Discussion
By combining these groups of burials into the six divided zones, we collapse the
collections into a chronology based off of one aspect, agriculture. While this removes cultural
variation, potentially different agricultural practices, and various means of diet supplementation,
it remains a way to target the potential effect of agricultural intensification on the human
microbiome. For instance, while the Late Classic Maya peoples and the peoples of the Late
Woodland in the Southeast United States had different cultural practices, architecture, and
technologies, the process of agriculture would have been a similarity. This collection of
sequenced data is a strong tool to examine the effects around changing subsistence patterns in the
Americas.
Statistical Analyses
The resultant statistical data demonstrated that the microbial composition remained
significantly different over the agricultural timeline. This provides evidence that agricultural
practices had a definitive effect on the composition of the microbiome within this time frame.
The variables of Time Period, Tooth Sampled, Agricultural Time Period, and Sex (at the Family
level) were found to be significant. Differences between the Agricultural Time Period were
found to be particularly significant, appearing at the p <0 .001 level in all three taxonomic level,
while the Time Period itself was p < 0.009 at the Phylum level, and p < 0.001 at the Family and
Genus levels. The statistical tests of the Agricultural Zones revealed they were significantly
different from each other, at all three taxonomic levels, and under all three sets of rarefactions
(Appendix E, Tables E.10-E.12). Significance at the Family level in Sex are likely due to the
incomplete classification, which left 17 of the 79 burials uncategorized.
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Drivers of Significance
Intra-zone biodiversity, as shown in the Shannon plots are indicative of the lack of a
singular oral microbiome. This diversity makes it necessary to compare groups against each
other, rather than single individuals against each other. The pairwise analyses were performed as
post-hoc tests to determine the groups that were the most significant. When looking at the site
comparisons, it can be seen that there were three groups of significance; 1) from Zone one to
others, 2) from Zone 2 to others, and 3) between Zone 6 and all other groups (Table E.15).
Moving from Zone 1 to the others would be comparing preagricultural groups to groups with
agriculture, and Zone 2 would be comparing early agriculturalists to later groups. The significant
differences between Zone 6 and the others is due to Zone 6 consisting of burials from a
drastically different time period. Zone 6 is only individuals from New Salem Cemetery, and
while they practiced agriculture, they would have had drastically different lifeways affecting
their oral microbiome composition.
Biodiversity over Time
In moving from statistical analyses, to the microbial composition and diversity, we can
visualize the changes in the microbiome. From the Shannon plots at the Phylum level (Figures
6.5-6.8), the average diversity seems to increase over time, from the pre-agricultural (Zone 1)
through the post-industrial (Zone 6). Actinobacteria and Chloroflexi increase through Zone 3,
and then decrease again in Zone 5, Firmicutes fairly constant throughout (Figure 6.4B). When
examined at the lower levels, at the Family and Genus, this trend is no longer present. The
diversity is skewed by three samples with unusually high diversity (one in Zone 1, two in Zone
2), skewing the results downwards. Here (Family Figure 6.10, Genus Figure 6.16) it can still be
seen that in Zone 1 through Zone 5, there are slight increases in the biodiversity, but not nearly
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as visible. At the Genus level, Olsenella is seen to decrease by Zone 5, despite increasing in
presence at Zone 3. By Zone 3, there is an also increase in Treponema, which then decreased
through Zone 5.
Pathogen Load Changes
Throughout all the agricultural zones, there were changes in the presence of the oral
pathogens. Over time, from non-agriculture to agriculture, there was a definitive change in the
pathogen loads of the oral cavity, occurring alongside the periods when agriculture was
intensifying. From Zone 1-5, while the cariogenic Streptococcus mutans remained at the same
average level, Treponema denticola increased from 0.7% to 1.6%, Porphyromonas gingivalis,
increased from 0.21% to 0.46%, peaking at 0.56% in Zone 3, and Tannerella forsythia increased
from 1.55% to 3%. During this time, Desulfobulbus oralis decreased from 6.33% to 3.92%.
Transition Points
While the introduction of agriculture is held in regard as one of the factors that eventually
led to our modern society, it had deleterious effects on human health (Armelagos and Harper
2005a; Latham 2013). The effective change in subsistence patterns ushered in the 1st
epidemiologic transition (Armelagos 2009; Armelagos and Barnes 1999), changing the healthand disease-scape in the areas where agriculture was adopted and intensified. The point of
change reveals the differences before and after one of the most important cultural and biological
revolutions that occurred in human history.
Additionally, by examining this transition point, and the groups immediately before and
after it, it might be possible to mitigate some of the cultural and dietary variability of the groups
examined; agriculture represents a marked transition regardless of the crops being used. The
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various agricultural revolutions across the world were highly varied in their crop usage (Eshed et
al. 2010; Kirleis et al. 2012), but nevertheless, effects on human health were similar.
Pre-Agriculture to Agriculture
This transition from pre-agriculture to agriculture (Zone 1 to Zone 2), is represented by
34 of the 79 total individuals, and is comprised of the Maya and Native American Samples. By
looking at the Shannon plots of all the Agricultural Time Zones, Figures 6.5, 6.10, and 6.16, it
can be seen that from Zone 1 to Zone 2, there is an increase in diversity, although the shift
lessens as the taxonomic rank decreases. In Figure 6.20, there are marked differences in the
transition from Zone 1 to Zone 2. Figure 6.21 shows how large these shifts are; Anaerolineaceae
bacterium oral taxon 439 decreases 32.21% of the average microbiome in Zone 1, to only
13.14% in Zone 2; Actinomyces sp. oral taxon 897 decreases from 1.44% to 0.59%, and
Desulfobulbus oralis decreases from 6.33% to 3.73%. This change represents a 59.2%, 59%, and
41% decrease respectively. These are oral species that have been found in the oral microbiomes
of pre-agriculture individuals (Wada et al. 2018)
At this same transition, there are positive changes in other species; Aggregatibacter
aphrophilus increases 628%, Neisseria elongata increases 330%, Desulfomicrobium orale
increases 328%, Corynebacterium matruchotii increases 161%, and Porphyromonas gingivalis
increases by 172%. Most of the bacterial species that increased, specifically those that increase
by more than 100%, are pathogenic in nature. Some of these species are highly pathogenic, and
infections caused by them could be highly detrimental to health. For instance, Aggregatibacter
aphrophilus has been found among the flora of healthy individuals, but can become pathogenic,
and in severe cases can cause oral an brain abscesses (Di Bonaventura et al. 2009; Maraki et al.
2016). Neisseria elongata is a causative agent of bacteremia and endocarditis (Haddow et al.
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2003; Wong and Janda 1992) and can be found within the oral cavity and nasopharynx (Bøvre
and Holten 1970). And Porphyromonas gingivalis and Desulfomicrobium orale are both
causative agents of periodontal disease (Holt and Ebersole 2005; Langendijk et al. 2001; Lo et al.
2009). While Corynebacterium matruchotii is not pathogenic, it is an active calcifier (Moorer et
al. 1993), possibly explaining why this shift in subsistence may have resulted in more dental
calculus.
Conclusions
The null hypothesis can be rejected the proposed is accepted, that there are significant
differences between these Agriculture Zones detectible in the reconstructed microbiomes.
Agriculture can be seen to have an effect on the oral microbiome in the Americas. This transition
point, from Zone 1 to Zone 2, clearly shows that subsistence patterns may have definitively
played a role in the composition of the oral microbiome. While there does appear to be an
increase in pathogens in the complete time frame, the overall diversity slightly decreases as in
findings from Adler et al. (2013), but tends to increase slightly on average. This is likely due to
the oral microbiome of dental calculus being influenced by location, rather than having a global
trend. In Zone 6, post-industrial period with the New Salem cemetery set, we see an increased
diversity, but it is unknown if this is due to the interference of soil contamination. The data
provided us with the reconstruction of the communities of bacteria present in the oral cavities of
individuals who lived in the past, providing a novel glimpse into their health and disease.
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CHAPTER VII
CONCLUSIONS
In 1676, Antoine van Leeuwenhoek discovered to his dismay that his teeth were not
nearly as clean as he had hoped, despite a rigorous daily oral hygiene regimen. In fact, he noticed
some “white matter” between his molars (Bardell 1983). Taking scrapings, he viewed them with
his own microscope, drawing what he observed to be “very small living animals” effectively
creating the first characterization of the oral microbiome (Bardell 1983). Since that first
descriptive experiment, microbiologists have been fascinated by the oral microbiome, and with
those new tools of NGS and metagenomic analysis, we have been able to progress much further
than the drawings of that first microbiologist.
The Analysis of Dental Calculus
The benefit of sampling dental calculus from skeletal collections with known
archaeological histories is that the microbiological and bioinformatic analysis can proceed in
conjunction with known archaeological data, informing the downstream results. Individuals and
sites can be placed onto a timeline, events that could have affected the microbiome can be noted,
and specific points where microbiome evolution was thought to have happened, can be
examined. Within the sphere of paleogenomics investigations, the two fields of microbiology and
archaeology complement each other well; as microbiology provides data and scaffolding to
support a hypothesis and archaeology informs the surrounding narrative and allows for
meaningful conclusions to be drawn.
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The goal of this dissertation was the examination of ancient DNA from samples from
samples of dental calculus from North America. Initially, the project was to examine a single set
of dental calculus, from as small an area as possible, with as wide a temporal dispersion as
possible. But, as with many dissertations, the project shifted and expanded into three historically
distinct sample sets, allowing for a much broader examination of the ancient microbial landscape
than previously proposed. The dearth of literature on archaic samples from the New World
focusing on the taxonomic and health related changes that occurred with agricultural adoption
and intensification primarily spurred this dissertation. It is hoped that through the examination of
these samples, it can be demonstrated that there is an incalculable amount of future research to
be performed with American dental calculus.
Difficulties and Limitations within this project
As discussed in Chapter 2, projects involving aDNA, and specifically metagenomic
sequencing can be difficult. This project ran into some problems along the way, including the
initial sampling. Chapter 3 was benefitted by the large collections of burials; if one individual
had no dental calculus, the next could be examined. But in smaller sample sets, this may not be
possible, and as such variation can be underrepresented, leading to low statistical power. This is
evident in Chapter 5 where no meaningful statistical significance could be determined, at least
with the methods used in this dissertation. Although, if this lack of statistical significance is in
fact the actual result of the oral microbiome composition, then the sequencing and reconstruction
was accomplished successfully.
Some of the difficulties with aDNA proved to be true in this work when some of the
processed libraries did not amplify, requiring additional work in order to get a usable sample.
The difficulties were particularly realized when of the 9 lanes submitted for the initial
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sequencing, 7 of them failed. This was apparently due to the low concentration of DNA in
conjunction with the short-read fragments. Because of this, the dissertation was delayed as the
libraries needed to be reworked, reamplified, and pooled to a higher concentration in order for
sequencing to occur.
With regard to the blanks (Appendix F) some of the sequenced samples did have reads,
but the majority of these were adapter dimers, based on the read lengths and percentage sequence
duplication. Unfortunately, some of the samples were contaminated with Homo sapiens DNA,
which was the highest amount when looked at by the assigned read numbers. This presence
could potentially indicate user error, or some form of laboratory contamination. Most of the
blanks were negligible, with respect to their contamination or reads. Some of these blanks did
have a low concentration of DNA when they had been analyzed during QC processing, but most
did not. As a result, the sequenced blanks (Extraction, Library, and Collection) were those with
no, to some human and bacterial contamination, whereas the non-sequenced blanks (Redundant
Collection) had no detectible DNA. In all, it is felt that methodology and containment methods
used in this study worked, and that the control samples did not negatively contribute to the study.
Future Analyses and Collaborative projects with this data
The data presented here in this dissertation only represents a portion of what can be done
with a skeletal collection of this size. Future analysis of this data will work on the functional
profiling of these ancient and historic microbiomes, as well as the targeted genomic examination
and potential assembly of specific pathogens. A computationally expensive task made more
difficult by the short reads inherent to ancient DNA work. The potential for functional profiling
of metagenomic samples is that it opens a window into the mechanistic functioning of the oral
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microbiome, allowing for questions looking into the biomolecular mechanisms of target
microbiomes.
But no data is presented in a vacuum; each of these datasets comes from a larger context
of burials, artifacts, and examinations. The Native American data presented in Chapter 3 is only
a small representative of the total amount research being performed on those samples.
Osteological and paleopathological work continues, looking at patterns of health, disease, and
trauma, in order to try and understand how life was, and how it would have been affected by
outside forces such population shifts, cultural changes, or contact with outside groups.
The Maya data presented here (Chapter 4), is only one of the avenues being undertaken to
examine the burials from the Upper Belize Valley. It is the hope of the investigators that with the
conjunction of bacterial aDNA, isotopic analysis, carbon dating, and human DNA, patterns of
migration, and with it patterns of disease can be teased apart and studied. The potential is there
for the identification and tracking of diseases, alongside the movement of peoples in the ancient
Maya population.
The data from the New Salem Cemetery (Chapter 5) is similar in that these oral
microbiomes fit into a larger scale project into specialized analyses on burials. The health
reconstruction can be informed by the characterizations of the oral microbiome, and these
analyses can be greatly informed by examine the C/N/O isotope values. Additionally, these
samples can be compared against the reconstructed oral microbiomes from the Mississippi State
Asylum, which was located in nearby Jackson MS, and was active during the New Salem
Cemetery’s time frame.
The results from Chapter 6, examined a different aspect of this data, and found there were
significant differences between groups from before and after the introduction of agriculture in an
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area. It was seen to have an effect on the oral microbiome in the Americas. An increase in
pathogenic bacteria is present, but the overall diversity does not significantly decrease. The data
provided us with the reconstruction of the communities of bacteria present in the oral cavities of
individuals who lived in the past, providing a novel glimpse into their health and disease.
Summary
The point of this work was not necessarily to chart the change in the oral microbiomes of
ancient North and Central America with respect to agriculture, as that would take many more
thousands of samples, but to provide a strong data set that can be used by future researchers.
While papers on human aDNA from the Americas have been published in the past few years
(Vågene et al. 2018; Wada et al. 2018), these areas had previously been unused in the field of
microbial aDNA research. This project was a global collaboration between universities and a
cooperative effort between diverse departments. That collaborative and investigative spirit,
allowed for this assessment of the microbiological impacts of one of the greatest events in human
biological history; the adoption and intensification of agriculture, with implications for modern
human health and well-being in North and Central America.
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Sampling Data
Tooth data
Table A.1

Data on sampling of collections

Sampling Date:

October 6th, 2015

Location:

Sites:

1JA102

Sublet Ferry Site

1JA155

Crow Creek Island Site

Site

Skeleton number

T: Side

1

1JA155

SK 22

2

1JA155

3

Sample #

Mary Harmon Bryant, The University of Alabama

Tooth

Buccal/Lingual

L

T:Mandible/
Maxilla
Mandible

Canine

B

SK 38

L

Mandible

3 Molar

B/L

1JA155

SK 29

L

Mandible

3 Molar

L

4

1JA155

SK 36

R

Maxilla

1 Incisor

B/L

5

1JA155

SK 39

L

Mandible

1 Premolar

L

6

1JA155

SK 33

R

Maxilla

1 Premolar

L

7

1JA155

SK 31

L

Mandible

2 Incisor

L

8

Swab

9

Neg Control

10

1JA155

SK 42

L

Mandible

1 Molar

L

11

1JA155

SK 44

L

Mandible

3 Molar

L

12

1JA155

SK 19

R

Maxilla

Molar

B

13

1JA155

SK 26

L

Mandible

1 Molar

L

14

1JA155

SK 25

L

Mandible

Canine

L

15

1JA155

SK 24

L

Mandible

1 Premolar

L

16

1JA155

SK 23

L

Mandible

1 Molar

L

17

1JA155

SK 14

L

Mandible

2 Incisor

L

18

1JA155

SK 14

R

Mandible

Canine

L

19

1JA155

SK 8

L

Mandible

2 Incisor

L

20

1JA155

SK 17

R

Mandible

3 Molar

L

21

1JA155

SK 12

R

Mandible

2 Molar

L

22

1JA155

SK 13

R

Mandible

3 Molar

L

23

1JA155

SK 43

L

Mandible

2 Premolar

L

24

Neg Control

25

1JA102

SK 17

R

Maxilla

1 Incisor

B

26

1JA102

SK 13

R

Maxilla

3 Molar

L

27

Swab

28

1JA102

SK 6

R

Mandible

1 Premolar

L

29

1JA102

SK 2

L

Mandible

1 Molar

L
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Table A.1 (continued)
Sample #

Site
30

1JA102

Skeleton
number
SK 5

31

1JA102

SK 22

L

Mandible

3 Molar

L

32

1JA102

SK 21

L

Mandible

3 Molar

L

33

Neg Control

Sampling Date:

October 30th,
2015
1JA102

Location:

Mary Harmon Bryant, The University of Alabama

1MA48

Flint River Site

Site

T:
Side
L

T: Mandible/
Maxilla
Mandible

Tooth

Buccal/Lingual

2 Incisor

B

Sites:
Sample #

T:
Side
R

T:Mandible/
Maxilla
Mandible

Tooth

Buccal/Lingual

3 Molar

L

Sublet Ferry Site

34

1JA102

Skeleton
number
SK 9

35

1JA102

SK 25

R

Mandible

Canine

B

36

1JA102

SK 19

L

Mandible

2 Molar

L

37

Neg Control

38

1MA48

SK 10

L

Mandible

3 Molar

L

39

1MA48

SK 21

L

Mandible

3 Molar

L

40

1MA48

SK 33

R

Maxilla

3 Molar

L

41

1MA48

SK 26

R

Mandible

Molar

B

42

1MA48

SK 28

U

Mandible

Molar

L

43

1MA48

SK 73

L

Mandible

1 Incisor

L

44

1MA48

SK 64

R

Mandible

1 Molar

L

45

1MA48

SK 53

L

Mandible

2 Molar

B

46

1MA48

SK 59

L

Mandible

3 Molar

L

47

1MA48

SK 58

L

Mandible

3 Molar

L/B

48

1MA48

SK 45

L

Mandible

2 Molar

L

49

Neg Control

50

Swab

51

1MA48

SK 85

L

Mandible

3 Molar

L

52

1MA48

SK 103

R

Mandible

Canine

B

53

1MA48

SK 121

R

Mandible

2 Molar

L

54

1MA48

SK 128

R

Mandible

3 Molar

L

55

1MA48

SK 127

R

Mandible

1 Molar

L

56

1MA48

SK 129

L

Mandible

3 Molar

L

57

1MA48

SK 147

L

Mandible

3 Molar

L

58

1MA48

SK 149

L

Mandible

2 Molar

L

59

1MA48

SK 152

R

Maxilla

3 Molar

L/B

60

Neg Control
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Table A.1 (continued)
Sampling
Date:
Sites:

December 3rd,
2015
1JA305

Sample #

Site

Location:
Widow's
Creek Site
Skeleton
number

Mary Harmon Bryant, The
University of Alabama
T: Side

T:
Mandible/
Maxilla

Tooth

Buccal/Li
ngual

61

Neg Control

62

Swab

63

1JA305

SK 2

L

Mandible

2 Molar

B

64

1JA305

SK 4

L

Mandible

1 Molar

L

65

1JA305

SK 9

L

Mandible

L

66

1JA305

SK 15

L

Mandible

2
Premolar
1 Molar

67

1JA305

SK 20

R

Mandible

2 Incisor

B/L

68

Neg Control
December 7th,
2015
126

Location:

Cobb Institute, Mississippi State
University

Site

Skeleton
number

T: Side

T:
Mandible/
Maxilla

Tooth

Buccal/Li
ngual

SK 5

Right

Maxilla

1 Molar

B

Location:

The University of Mississippi

T: Side

T:Mandible/
Maxilla

Tooth

Buccal/L
ingual

Photo
numbers

Sampling
Date:
Sites:
Sample #
69

L

Russell Cave

Neg Control

70

126

Sampling
Date:
Site:
Sample #

December June
6th, 2017
New Salem
Cemetery
Skeleton number

1

Negative Control

2

Hood Swab

3

Bench swab

4

1

R

Mandible

3 Molar

L

1774-1775

5

2

R

Mandible

1 Molar

B

1777

6

6

L

Maxilla

B

1778

7

7

R

Maxilla

1
Premolar
3 Molar

ALL

1779-1783

8

7

R

Maxilla

3 Molar

ALL

1779-1783

9

7

R

Maxilla

3 Molar

ALL

1779-1783

10

12

R

Mandible

3 Molar

Mes

1784-1787

11

18

L

Mandible

1 Molar

Ceru

1788-1789

12

19

L

Mandible

1 Molar

Ceru

1790-1791
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Table A.1 (continued)
Sample #

Skeleton number

14

30

15

T: Side

Tooth

L

T:Mandible/
Maxilla
Maxilla

2 Molar

Buccal/L
ingual
Ceru

40

L

Mandible

1 Molar

Ceru

16

70

R

Maxilla

3 Molar

L

Photo
numbers
17921795
17961797
1798

17

65

R

Maxilla

2 Molar

L

1799

18

234

R

Mandible

2 Molar

L

19

318

18001801
18031804

Sampling
Date:
Site:

December June
6th, 2017
San Lorenzo

Location:

The University of Mississippi

Skeleton
number

T: Side

T:Mandibl
e/
Maxilla

Tooth

Buccal/Li
ngual

Xuantunich
Sample #

Site

1

Negative
Control
Hood Swab

2
3

San Lorenzo

386 H46

R

Maxilla

1 Molar

L

4

San Lorenzo

388 E/5

R

Mandible

2 Molar

Distal

5

San Lorenzo

388 44(LL4)

L

Mandible

1 Insisor

B

6

San Lorenzo

386 B/5 B-1

R

Mandible

1 Insisor

B/L

7

San Lorenzo

386 B/5 B-1

R

Mandible

1 Insisor

B

8

San Lorenzo

386 B/5 B-1

R

Mandible

1 Insisor

B/L

9

San Lorenzo

B/12

R

Mandible

1 Insisor

B/L

10

San Lorenzo

LL/3 B1

L

Maxilla

Canine

L

11

Hood Swab

12

Xuantunich

211 K7

L

Mandible

Incisor

B/L

13

Xuantunich

A9

R

Maxilla

2 Incisor

B/L

14

Xuantunich

L

Mandible

Incisor

B/L

15

Xuantunich

L

Mandible

Incisor

B/L

16

Xuantunich

R

Mandible

Incisor

B/L

17

Xuantunich

Group E Str
E3
Group E Str
E3
Group D Str
D6
Group D Str
D8
Hood Swab

R

Maxilla

Canine

B/L

18
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Metadata
Chapter 3: Native American Samples
All of the original metadata, such as burial forms, osteological forms, artifact forms, etc.
is stored at the Office of Archaeological Research at The University of Alabama. A digital copy
of selected files pertaining to the burials sampled in this study is stored on an external hard-drive.
The data from these files for sites 1JA102 and 1JA155 (Webb and Wilder 1951), and 1MA48
(Webb 1948), are available in the published archaeological reports by William Webb. Figures
A.1 -A.5 are topographical images of the modern locations of the archaeological sites.

Figure A.1

Current topographical map of the Sublet Ferry Site (1JA102)
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Figure A.2

Current topographical map of the Crow Creek Island Site (1JA155)

Figure A.3

Current topographical map of the Widow’s Creek Site (1JA305)

246

Figure A.4

Current topographical map of the Russell Cave Site (1JA940)

Figure A.5

Current topographical map of the Flint River Site (1MA48)
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Chapter 4: Maya
All of the original metadata, including excavation records and burial information are
stored at the University of Texas at San Antonio. Osteological analyses and records are curated
at the University of Mississippi.
Chapter 5: New Salem
All of the original metadata, such as burial forms, osteological forms, artifact forms, etc.
are stored the University of Mississippi’s Center for Archaeological Research
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APPENDIX B
DNA EXTRACTS, QUALITY CONTROL SAMPLING, AND PRE-SEQUENCING DATA
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Bioanalyzer and TapeStation Data
Below are examples of the data reports received from the Bioanalyzer and Tapestation
reports. These were run to check the content of DNA extracts, the built libraries, the post-PCR
indexed libraries, and the pooled lane samples.
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Figure B.1

2100 High Sensitivity DNA Assay Bioanalyzer Report Example
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Figure B.2

Tapestation High Sensitivity D1000 Report Example

252

Pre-sequencing Data
This table contains the information of which of the samples taken during sampling were
forwarded on to sequencing. Some blanks were skipped to save money for sample preparation.
Blanks that showed no DNA extracted at all and were redundant, were skipped.
Table B.1

DNA Sampling information

Lab
Code
T1

State

Site

Skeleton ID

Sequenced

1JA155

Notebook Sample
ID
1

Tennessee

22

x

T2
T3

Tennessee

1JA155

2

38

x

Tennessee

1JA155

3

29

x

T4

Tennessee

1JA155

4

36

x

T5

Tennessee

1JA155

5

39

x

T6

Tennessee

1JA155

6

33

x

T7

Tennessee

1JA155

7

31

x

T8

Tennessee

8

Swab of Hood

x

T9

Tennessee

9

Negative Control

T10

Tennessee

1JA155

10

42

x

T11

Tennessee

1JA155

11

44

x

T12

Tennessee

1JA155

12

19

x

T13

Tennessee

1JA155

13

26

x

T14

Tennessee

1JA155

14

25

x

T15

Tennessee

1JA155

15

24

x

T16

Tennessee

1JA155

16

23

x

T17

Tennessee

1JA155

17

14

x

T18

T

1JA155

18

14

T19

Tennessee

1JA155

19

8

x

T20

Tennessee

1JA155

20

17

x

T21

Tennessee

1JA155

21

12

x

T22

Tennessee

1JA155

22

13

x

T23

Tennessee

1JA155

23

43

x

T24

Tennessee

24

Negative Control

x

T25

Tennessee

1JA102

25

17

x

T26

Tennessee

1JA102

26

13

x

T27

Tennessee

27

Swab of Hood

T28

Tennessee

1JA102

28

6

x

T29

Tennessee

1JA102

29

2

x

T30

Tennessee

1JA102

30

5

x

253

Not
Sequenced

x

x

x

Table B.1 (continued)
Lab Code

State

Site

Skeleton ID

Sequenced

1JA102

Notebook
Sample ID
31

T31

Tennessee

T32

Tennessee

T33

Tennessee

T34

Tennessee

T35

22

x

1JA102

32

21

x

33

Negative Control

1JA102

34

9

x

Tennessee

1JA102

35

25

x

T36

Tennessee

1JA102

36

19

x

T37

Tennessee

37

Negative Control

T38

Tennessee

1MA48

38

10

x

T39

Tennessee

1MA48

39

21

x

T40

Tennessee

1MA48

40

33

x

T41

Tennessee

1MA48

41

26

x

T42

Tennessee

1MA48

42

28

x

T43

Tennessee

1MA48

43

73

x

T44

Tennessee

1MA48

44

64

x

T45

Tennessee

1MA48

45

53

x

T46

Tennessee

1MA48

46

59

x

T47

Tennessee

1MA48

47

58

x

T48

Tennessee

1MA48

48

45

x

T49

Tennessee

49

Negative Control

x

T50

Tennessee

50

Hood Swab

x

T51

Tennessee

1MA48

51

85

x

T52

Tennessee

1MA48

52

103

x

T53

Tennessee

1MA48

53

121

x

T54

Tennessee

1MA48

54

128

x

T55

Tennessee

1MA48

55

127

x

T56

Tennessee

1MA48

56

129

x

T57

Tennessee

1MA48

57

147

x

T58

Tennessee

1MA48

58

149

x

T59

Tennessee

1MA48

59

152

x

T60

Tennessee

60

Negative Control

T61

Tennessee

61

Negative Control

T62

Tennessee

62

Hood Swab

T63

Tennessee

1JA305

63

2

x

T64

Tennessee

1JA305

64

4

x

T65

Tennessee

1JA305

65

9

x

T66

Tennessee

1JA305

66

15

x

T67

Tennessee

1JA305

67

20

x
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Not
Sequenced

x

x

x
x
x

Table B.1 (continued)
Lab Code

State

T68

Site

Tennessee

Notebook
Sample ID
68

Negative Control

T69

Tennessee

69

Negative Control

x

T70

Alabama

70

5

x

M1

Maya

1

Negative Control

x

M2

Maya

2

Hood Swab

x

M3

Maya

San Lorenzo

3

386 H/46

x

M4

Maya

San Lorenzo

4

388 E/5

x

M5

Maya

San Lorenzo

5

388 LL/4

x

M6

Maya

San Lorenzo

6

386 B/5 B-1

x

M7

Maya

San Lorenzo

7

386 B/5 B-1

x

M8

Maya

San Lorenzo

8

386 B/5 B-1

x

Russell Cave

Skeleton ID

Sequenced

M9

Maya

San Lorenzo

9

388 B/12

x

M10

Maya

San Lorenzo

10

243 LL/3 B1

x

M11

Maya

11

Hood Swab

x

M12

Maya

Xunantunich

12

211 K/7

x

M13

Maya

Xunantunich

13

A9

x

M14

Maya

Xunantunich

14

Str E3 Burial 3

x

M15

Maya

Xunantunich

15

x

M16

Maya

Xunantunich

16

M17

Maya

Xunantunich

17

Group E Str E3
Burial 3
Group D Str D6 10q27
Group D Str D8 9o-9

M18

Maya

18

Hood Swab

NS1

Mississippi

1

Negative Control

x

NS2

Mississippi

2

Hood Swab

x

NS3

Mississippi

3

Desk Swab

NS4

Mississippi

4

1

x

NS5

Mississippi

5

2

x

NS6

Mississippi

6

6

x

NS7

Mississippi

7

7

x

NS8

Mississippi

8

7

x

NS9

Mississippi

9

7

x

NS10

Mississippi

10

12

x

NS11

Mississippi

11

18

x

New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery

255

Not
Sequenced
x

x
x
x

x

Table B.1 (continued)
Lab Code

State

Site

NS12

Mississippi

NS13

Mississippi

NS14

Mississippi

NS15

Mississippi

NS16

Mississippi

NS17

Mississippi

NS18

Mississippi

NS19

Mississippi

New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery
New Salem
Cemetery

Notebook
Sample ID
12

Skeleton ID

Sequenced

19

x

13

Negative Control

14

30

x

15

40

x

16

70

x

17

65

x

18

234

x

19

318

x

Not
Sequenced
x

Lane and Indexing Data
Table B.2
SampleID
T57
T19
T17
T36
T35
NS7
NS8
M5
M16
LB0
EB1
T39
T41
T47
T14
T7
T6
T4
T2
T5

Lane and Index information for which libraries were in which lanes
Concentration (nM)

Avg. Read Length

460.88
201.54
649.6
218.05
167.17

209
232
255
192
246

507.52
237.11
589.48
593.24
2.27
28.02
9.64
13.90
0.92
1.16
1.41
4.06
4.66
1.25
1.73

254
145
272
159
137
150
221
172
653
129
159
162
218
151
146

256

BGI Index
5
2
1
4
3
6
7
8
9
11
10
19
20
21
16
14
13
11
10
12

Lanes
TG0302
TG0302
TG0302
TG0302
TG0302
TG0303
TG0302
TG0303
TG0302
TG0302
TG0302
TG0448
TG0448
TG0448
TG0448
TG0448
TG0448
TG0447
TG0447
TG0448

Table B.2 (continued)
SampleID
T23
T11
T34
M9
M10
M12
M13
M14
M15
M17
LB7
M11
EB11
T21
T29
T55
T56
T63
T64
T65
T67
NS19
T12
T13
T15
T26
T31
T32
T38
T43
T48
T51
T66
T70
NS5
NS9
NS14
NS16

Concentration (nM)
1.59
0.99
7.56
5.18
4.56
12.5
15.69
2.08
3.44
11.74
1.74
2.78
2.5

Avg. Read Length
142
129
181
219
404
316
268
230
430
222
143
121
218

3305.6
2775
4394.8
7399.1
7239.8
7248.2
5109.6
3828.9
5842.3
6292
6644.4
6379.5
4796
4236
7286.5
6346.6
6910.4
10622
6638.4
5939.9
12875
9069.5
5621.8
7608
8351.2

293
284
251
214
260
325
286
314
307
299
326
266
279
275
237
261
265
313
292
278
312
338
286
346
196
257

BGI Index
17
15
18
1
2
4
5
6
7
8
22
3
9
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
1

Lanes
TG0448
TG0448
TG0448
TG0447
TG0447
TG0447
TG0447
TG0447
TG0447
TG0447
TG0448
TG0447
TG0447
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0488
TG0489

Table B.2 (continued)
SampleID
NS17
T1
T3
T10
T16
T20
T22
T8
T24
T25
T28
T30
T40
T42
T44
T45
T46
T52
T53
T54
T58
T59
T61
T69
NS1
NS2
NS4
NS6
NS10
NS11
NS12
NS15
NS18
M1
M2
M3
M4
M6

Concentration (nM)

Avg. Read Length

3049.7
3137.8
838.7
1558.7
2938.9
1899.2
954
5298.1
12245.6
6347.5
2761.8
3984.8
10806.2
3026.6
3335.5
5532.4
6892
4243.3
7002.3
4603.6
11011.8
3904.2
8766.8
11224.8
11947.3
4046.2
3050.5
4156.1
5047
3705.7
3750
2998
12095.4
7547.1
4457.7
7396.1
3994.1
4484

176
129
78
76
160
151
91
289
87
89
291
285
120
276
282
284
159
268
291
269
281
296
135
90
91
140
406
390
392
298
385
323
91
96
189
89
323
269
258

BGI Index
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Lanes
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0489
TG0490
TG0490
TG0490
TG0490
TG0490
TG0490
TG0490
TG0490
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487

Table B.2 (continued)
SampleID
M7
M8
EB2
EB3
EB4
EB5
EB6
EB7
EB8
EB9
EB10
LB1
LB2
LB3
LB4
LB5
LB6

Concentration (nM)

Avg. Read Length

6005
3857.6
21786
24034
13644.8
11491.7
12727.1
6148.4
15863.2
44.2
215.2
27.1
0
0
0
64.4
14

204
284
88
90
89
92
92
158
112
76
278
66
0
0
0
393
51

BGI Index
16
17
18
19
20
21
22
23
24
1
2
3
4
5
6
7
8

Lanes
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487
TG0487

DNA Pooling Data
The data was pooled and sent for sequencing and this pooling data is in Table B.4.
Table B.3

DNA pooling of lanes that were sequenced

DNA Pool
TG0303
TG0447
TG0448
TG0487
TG0488
TG0489
TG0490
TG0491
TG0492

Number of
Samples
11
11
11
24
24
24
16
16
16

Concentration
(ng/µL)
0.8
0.87
0.68
5.38
3.44
5.98
7.18
4.92
5.63

259

Volume
(µL)
231
270
350
48
51
48
46
46
48

Sequencing
Location
Copenhagen, DK
Hong Kong
Hong Kong
Copenhagen, DK
Copenhagen, DK
Copenhagen, DK
Copenhagen, DK
Copenhagen, DK
Copenhagen, DK
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Post-Sequencing Data
Chapter 3: Native Americans
Table C.1

Paleomix Pipeline data output Summary

Sample Name
T1
T2
T3
T4
T5
T6
T7
T8
T10

Well aligned read
pairs
704,997
7,084,319
24,956
33,330,419
10,545,623
10,835,160
8,325,490
54,583,653
26,995

Discarded mate
pairs
191
6,758
558
1,839
5,764
8,368
6,458
25,764
414

Full-length
collapsed pairs
700,701
7,076,335
17,796
33,327,628
10,537,463
10,823,974
8,317,326
25,764
20,925

Avg length of
reads (bp)
57.98059
76.9007
84.16128
57.1755
80.9299
66.1487
68.276
91.92547
85.8379

T11

8,201,913

3,755

8,195,943

72.6732

T12

13,336,323

3,823

13,248,704

81.8695

T12

41,383,669

8,990

39,738,081

82.19041

T13

13,501,214

3,420

13,385,593

87.304

T13

41,265,452

7,338

39,195,734

87.69759

T14

15,868,795

15,544

15,850,259

83.4596

T15

10,316,733

3,408

10,232,714

85.1858

T15

29,669,388

6,382

28,167,758

86.39302

T16

2,168,018

604

2,095,706

80.93414

T17

50,730,893

4,458

50,523,852

71.11215

T17

50,589,315

4,458

50,500,542

71.1122

T19

76,175,260

3,019

75,982,117

60.77086

T19

76,017,121

3,019

75,957,623

60.7709

T20

1,128,177

194

1,097,713

78.15567

T21

23,918,305

9,299

23,782,391

79.679

T21

54,099,452

23,276

52,304,806

80.02883

T22

223,653

3,204

188,659

70.80581

T24

1,633,043

65,717

967,459

90.66211

T25

972,952

6,075

719,868

99.9658

T26

20,047,956

5,473

19,951,506

78.0863

T26

61,376,907

15,278

59,537,241

77.87277

T28

45,415,999

10,761

42,886,961

85.2197

T29

24,433,444

9,579

24,288,567

78.9488

T29

49,907,620

17,289

48,075,860

79.73788

T30

57,143,967

14,706

56,097,793

70.4831

T31

17,082,572

8,742

16,944,457

84.3646
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Table C.1 (continued)
Sample Name
T31

Well aligned read
pairs
36,072,919

Discarded mate
pairs
18,090

Full-length
collapsed pairs
34,228,543

Avg length of
reads (bp)
85.32845

T32

11,022,696

3,211

10,976,134

77.534

T32

35,918,419

6,876

34,984,853

78.30947

T34

40,374,220

11,841

40,350,179

64.2674

T35

61,862,603

2,700

61,585,944

72.4773

T35

61,684,831

2,700

61,557,686

72.4773

T36

55,342,180

3,534

55,096,620

71.73932

T36

55,176,345

3,534

95,263,792

71.7393

T38

14,629,243

3,887

14,589,531

73.3667

T38

46,449,559

9,219

45,697,877

73.21429

T39

49,476,022

8,225

49,441,688

66.0225

T40

2,960,894

37,631

2,516,474

84.7755

T41

39,391,608

4,776

39,378,290

59.5918

T42

71,246,038

27,621

69,271,660

75.23926

T43

11,176,943

2,960

11,146,773

72.6389

T44

82,045,573

20,046

80,243,171

74.11172

T45

54,771,158

19,187

54,074,006

73.7334

T46

44,531,629

21,011

44,132,157

73.71578

T47

47,348,733

8,614

47,327,339

58.09

T48

6,424,314

1,665

6,398,825

76.0254

T51

4,831,519

1,304

4,812,017

77.5364

T52

47,861,018

22,842

46,829,962

74.29912

T53

118,973,652

53,064

116,487,448

70.90783

T54

134,615,470

55,934

132,975,718

67.84051

T55

36,905,892

6,855

36,199,024

76.04769

T56

14,780,902

6,001

14,726,568

75.0694

T57

40,408,443

2,717

40,350,581

65.8842

T58

55,899,021

22,249

54,317,829

78.67943

T59

190,749,284

72,836

187,880,898

75.49955

T61

8,760,644

69,163

7,198,762

87.09862

T63

8,714,894

2,436

8,688,593

74.8381

T63

28,164,702

6,644

27,695,476

74.86547

T64

12,048,219

3,882

11,966,592

81.9311

T65

43,549,297

10,497

41,891,361

81.80867

T66

11,637,384

3,152

11,606,584

73.1744

T67

53,255,993

16,035

52,027,685

74.80353

T69

43,347,629

69,226

37,580,531

87.22714

T70

5,543,922

1,509

5,520,526

76.96
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Chapter 4: Maya
Table C.2
Sample
Name
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17

Post-Paleomix data for Maya
Well aligned read
pairs

Discarded
mate

Full-length collapsed
pairs

881,615
6,183,111
396,916
21,814,033
4,157,022
21,615,369
9,024,139
47,941,803
32,993,673
68,070,000
15,481,348
16,470,474
16,438,568
13,064,805
39,770,946
27,192,836
73,221,764

17,722
11,584
23,985
18,968
2
15,688
18,923
35,097
3,484
4,585
8,954
1,534
721
2,307
2,017
1,604
5,530

854,830
5,897,239
7,078,786
20,919,828
4,081,723
21,503,197
8,950,894
47,531,437
32,913,503
68,059,071
15,469,897
16,462,684
16,426,137
13,060,887
39,744,571
26,966,652
73,036,699
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Avg length of reads
(bp)
93.9553
109.789
93.0654
97.813
107.069
77.866
82.8446
83.8504
70.3869
60.2922
67.6957
63.1401
68.2417
62.2671
67.3258
79.5534
72.2391

Chapter 5: New Salem
Table C.3
Sample
Name
NS1
NS2
NS4
NS5
NS6
NS7
NS8
NS9
NS10
NS11
NS12
NS14
NS15
NS16
NS17
NS18
NS19

Post-paleomix Data for New Salem Samples
Well aligned read
pairs
2,239,428
6,931,039
92,572,958
8,648,814
52,200,039
96,888,074
113,227,009
15,036,927
71,469,841
73,655,594
118,767,038
7,187,160
154,215,719
20,078,603
19,525,409
5,512,149
3,863,226,904

Discarded mate
pairs
29,423
25,879
73,379
2,971
34,806
32
4,230
3,644
47,330
28,210
98,526
2,253
83,792
5,768
6,393
237,952
9,079
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Full-length collapsed
pairs
1,682,852
5,599,865
70,325,410
8,291,092
39,264,431
83,604,699
112,338,349
14,929,560
65,251,487
67,995,660
96,791,926
7,120,893
127,141,441
18,798,675
17,631,327
3,546,367
41,610,988

Avg length
of reads
(bp)
88.86
94.38
96.40
98.65
96.75
106.19
70.10
76.76
81.51
79.35
92.06
79.14
97.05
82.53
80.79
90.03
85.89

Quality Control Data
FASTQC and MultiQC
The data that was came out of the processing was run through FASTQC (Andrews
2010)as a part of the Paleomix pipeline, and afterwards was visualized with MultiQC (Ewels et
al. 2016). This data is stored in the Jordan Lab alongside the Metadata files.

Figure C.1

MultiQC Readout Screenshot Example
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MapDamage
The MapDamage program (Jónsson et al. 2013) was run as a part of the Paleomix
(Schubert et al. 2014). Figure C.2 is an example of the readouts of this data. It is used to compare
and track patterns of damage with aDNA reads from NGS. It examines expected mutations from
C->T and G->A, by comparing an ancient DNA sample against the modern genome of the target
sample. This program is unable to process an entire microbiome and instead runs against a single
genome. For these microbiome samples, they were run against a human genome.

Figure C.2

Map Damage plot output example
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NEBNext vs BEST Library building Methodologies
Before the majority of samples were processed, a subset of 9 samples were selected to
test and optimize the workflow, in order to alleviate any potential points of bias. This included
the selection of the library building methodology. In order to test the library-building
methodology, these samples were built using both the BEST and NEBNext library methods
(Carøe et al. 2018). The workflow was identical and the lanes were sequenced and analyzed, and
based on the result, the BEST methodology was selected for the remaining samples. This was
due to the higher retention of small-length DNA fragments, the higher number of reads,
decreased cost per sample, and the single tube methodology.
Samples and work flow
For this project a temporally cross-sectional subset (N=9) were chosen to compare the
library building methods. They belong the three sets from this Dissertation, the Native American
(n=5), the Maya (n=2), and the New Salem cemetery (n=2). Samples of the ancient dental
calculus from archived skeletons were removed and processed in a specialized ancient DNA
laboratory in Copenhagen, Denmark. The DNA was extracted, built into libraries using both the
BEST and the NEBNext protocols, and submitted to BGI for metagenomic sequencing on a
BGISEQ-500. Data was then processed using FASTQC, and the Paleomix Pipeline. The Kraken
metagenomic toolkit was used to map the DNA sequences and establish the taxonomies and
composition of the oral microbiome for each individual sample, in order to determine which
library building methodology was favored
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The workflow was identical to that found in chapters 3-5, with the exception of using
both the NEBNext and BEST library methods (Carøe et al. 2018). For the full details, please
refer to those chapters.
Results
After construction of the libraries, the NEBNext protocol resulted in substantially higher
concentrations, requiring a larger amount of BEST library to maintain equimolar concentrations
for sequencing (Table D.1). But FASTQC processing showed that the BEST protocol resulted in
more reads retained. Potentially, this is due to the single tube utilized in the procedure, allowing
for smaller fragments to be retained. Additionally, the Tapestation results for the NEBNext
samples showed a peak of adapter dimer length, which could contribute to the higher overall
concentration.
Table D.1

Library concentrations Compating BEST and NEBNext Samples

Library Concentrations (nM/μL)
Sample
BEST
NEBNext
1
4.8698
38.007
2
1.4877
7.1198
3
5.0461
30.532
4
2.5446
50.27
5
1.5473
45.947
6
--36.047
7
3.9537
38.698
8
12.7295 3.417
9
--55.391
Ext Blank 9.5498
0.2951
Lib Blank 11.7915 0.254
The extracted aDNA had a read length of between 70-100 bp, and sequencing of the first
lane resulted in an average of 30 million reads per sample with the BEST protocol, and an
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average of 11 million reads for the NEBNext protocol. Within the second lane, there was an 79%
similarity between the same samples, marked with different indices.

Figure D.1

Comparison of sequenced samples

To examine lane and index similarities, the NEBNext libraries were used, as there was
not enough material to resequence the BEST libraries at equimolar concentrations. Within lane 2,
comparing index set ‘A’ and ‘B’, there was an average 79% retained reads post-processing,
while comparing lanes 1 and 2 with index set ‘A’, there was a 52.5% similarity in retained reads.
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Figure D.2

Comparisons of Best vs NEBNext results

Conclusions
With these data in mind, the rest of the samples were processed with the BEST protocol,
and submitted for sequencing. It seems that the NEBNext procedure, while perfectly adequate
for modern long-length DNA fragments, is ill-equipped for shorter length ancient and historic
samples. The downside to the BEST protocol is that the sequencing requires a larger physical
input of indexed library, due to the initial lower concentration.
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Chapter 3
Phylum Level
Statistics tables
Table E.1

Native Phylum level statistics comparing un-rarified and rarified data
Variable

Time Period
Site
Collapsed Time Period
Sex
Age Group
Burial Position
Burial Position * Time
Period
Tooth Sampled
Mandible/Maxilla
Time Period * Tooth
Sampled

df
6
4
2
2
3
3

Normal
F1
p value
1.5268
0.045 *
2.479
0.008 **
0.88939
0.569
1.1357
0.292
0.84953
0.645
0.87868
0.621

Rarified to lowest sample
df
F1
p value
6
2.4557
0.005 **
4
2.6742
0.008 **
2
2.7158
0.027 *
2
0.9196
0.0451
3
0.5778
0.807
3
1.0356
0.401

7
3
2

0.91151
2.9901
1.6804

0.655
0.002 **
0.121

7
3
2

0.67621
2.8296
0.48406

0.818
0.005 **
0.696

7
3
2

1.14192
4.5269
0.62656

0.371
0.003 **
0.574

9

0.97591

0.518

9

0.78734

0.762

9

0.4587

0.949
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Rarified to 1m reads
df
F1
p value
6
1.7949
0.057
4
1.6805
0.113
2
2.7738
0.024 *
2
0.76906
0.576
3
0.57409
0.752
3
1.2685
0.257

NMDS

Figure E.1

Phylum-Level NMDS By Age Group
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Figure E.2

Phylum-Level NMDS By Sex
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Figure E.3

Phylum-Level NMDS By Tooth Sampled
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Family Level
Statistics Table
Table E.2

Native Family level statistics comparing un-rarified and rarified data
Variable

Time Period
Site
Collapsed Time Period
Sex
Age Group
Burial Position
Burial Position * Time
Period

df
6
4
2
2
3
3

Normal
F1
p value
1.5772
0.028 *
2.4159
0.002 **
1.0397
0.373
1.2488
0.204
0.72449
0.797
0.80903
0.678

7

1.0176

0.429

Rarified to lowest sample
df
F1
p value
6
1.784
0.015 *
4
2.0992
0.008 **
2
1.637
0.083
2
0.95221
0.44
3
0.81844
0.654
3
0.92226
0.516
7
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1.0176

0.439

Rarified to 1m reads
df
F1
p value
6
1.6399
0.055
4
1.6565
0.093
2
1.8335
0.081
2
0.49058
0.9
3
1.0054
0.363
3
0.87759
0.502
5

1.432

0.156

Figure E.4

Family-level: NMDS plot by Site
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Genus Level
Statistics Table
Table E.3

Native Genus level statistics comparing un-rarified and rarified data
Variable

Time Period
Site
Collapsed Time Period
Sex
Age Group
Burial Position
Burial Position * Time
Period

Table E.4

df
6
4
2
2
3
3

Normal
F1
p value
2.4557
0.002 **
2.6742
0.008 **
0.88939
0.569
1.1357
0.292
0.84953
0.645
0.87868
0.621

7

0.91151

0.655

Rarified to lowest sample
df
F1
p value
6
1.7384
0.014 *
4
2.0784
0.009 **
2
1.5551
0.084
2
0.71433
0.769
3
0.83731
0.667
3
0.78977
0.721
7

1.17489

0.236

Rarified to 1m reads
df
F1
p value
6
1.1959
0.235
4
1.2498
0.198
2
1.1761
0.294
2
0.36065
0.986
3
1.1743
0.296
3
1.1017
0.299
5

1.5443

Pairwise Adonis Permanova Site Comparisons
Number
1
2
3
4
5
6

Time Period
1JA102-1JA155
1JA102-1JA305
1JA102-1MA48
1JA155-1JA305
1JA155-1MA48
1JA355-1MA48

# of Samples df
F1
R2
30
1 3.3037 0.102554
15
1 1.2897 0.09025
30
1 1.0148 0.03498
25
1 2.2331
0.885
40
1 3.4295 0.08278
25
1 0.97654 0.04073
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p value
0.006 **
0.23
0.355
0.032 *
0.001 ***
0.407

0.077

Table E.5

Pairwise Adonis Permanova Time Period Comparisons
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Time Period
LA-EW
LA-MW
LA-MLW
LA-LW
LA-EM
LA-M
EW-MW
EW-MLW
EW-LW
EW-EM
EW-M
MW-MLW
MW-LW
MW-EM
MW-M
MLW-LW
MLW-EM
MLW-M
LW-EM
LW-M
EM-M

# of Samples df
F1
R2
18
19
2 1.3143 0.1411
6
2
16
2 1.0453 .1.3853
9
2 0.92588 0.11682
14
2 1.7528 0.12745
25
2 1.2445 0.10164
12
2
22
2 1.0671 0.10098
15
2 0.75866 0.05514
20
2 1.4594
0.075
13
2 0.83905 0.07087
23
2 1.4542 0.18673
16
2 0.98019 0.19682
21
2 0.77507 0.03919
10
2 1.6277 0.16907
3
2 1.6964 0.62914
8
2
13
2 1.3345 0.21067
18
2
1.602 0.17601
11
2 0.93099 0.1888

280

p value
0.18
0.344
0.328
0.048 *
0.225
0.331
0.515
0.134
0.623
0.105
0.501
0.627
0.212
0.333
0.216
0.102
0.468

Chapter 4: Maya
Phylum Level
Statistics Table
Table E.6

Maya Phylum Level statistics comparing un-rarified and rarified data
Variable
Time Period
Site
Sex
Age Group
Tooth Sampled
Mandible/Maxilla
Building Type
Location Type
Burial Location

df
3
1
2
2
2
1
5
5

Normal
F1
p value
1.3837
0.218
1.1032
0.279
1.86
0.076
2.2858
0.081
1.1766
0.048 *
2.2562
0.066
1.856
0.291
1.1328
0.371

Rarified to lowest sample
df
F1
p value
3
1.241
0.315
1
1.8241
0.134
2
5.907
0.001 ***
2
1.1226
0.412
2
2.1016
0.123
1
1.6044
0.198
5
1.116
0.374
5
0.93684
0.522
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Rarified to 1m reads
df
F1
p value
3
1.8755
0.121
1
0.55689
0.679
2
3.0159
0.049 *
2
0.279
0.877
2
1.7281
0.169
1
3.6559
0.035 *
5
1.9189
0.149
5
1.2137
0.385

Family Level
Statistics Table
Table E.7

Maya Family Level statistics comparing un-rarified and rarified data
Variable
Time Period
Site
Sex
Age Group
Tooth Sampled
Mandible/Maxilla
Building Type
Location Type
Burial Location

df
3
1
2
2
2
1
5
5
6

Normal
F1
p value
1.7207
0.058
1.6781
0.115
2.2601
0.019 *
1.5901
0.116
1.8434
0.049 *
1.9394
0.069
1.379
0.188
1.2121
0.255
1.33
0.205

Rarified to lowest sample
df
F1
p value
3
2.6862
0.014 *
1
2.3518
0.053
2
3.4686
0.005 **
2
1.4847
0.163
2
1.6582
0.131
1
1.6931
0.145
5
1.6911
0.102
5
1.1669
0.336
6
1.3219
0.237
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Rarified to 1m reads
df
F1
p value
3
2.2083
0.049 *
1
1.3838
0.232
2
2.9378
0.03 *
2
0.58596
0.718
2
3.0238
0.037 *
1
2.9345
0.031 *
5
1.5895
0.197
5
0.80806
0.656
6
0.95079
0.574

Genus Level
Statistics Table
Table E.8

Maya Genus level statistics comparing un-rarified and rarified data
Variable
Time Period
Site
Sex
Age Group
Tooth Sampled
Mandible/Maxilla
Building Type
Location Type

df
3
1
2
2
2
1
5
5

Normal
F1
p value
1.8416
0.048 *
1.7939
0.091
2.395
0.024 *
1.5431
0.14
1.9818
.045 *
1.874
0.108
1.4647
0.135
1.2024
0.287

Rarified to lowest sample
df
F1
p value
3
2.7593
0.021 *
1
2.5088
0.049 *
2
3.9515
0.004 **
2
1.6897
0.107
2
1.9755
0.098
1
1.5719
0.149
5
1.5556
0.172
5
1.1075
0.376
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Rarified to 1m reads
df
F1
p value
3
1.4659
0.207
1
0.91978
0.543
2
2.3767
0.065
2
0.51763
0.795
2
1.7608
0.11
1
2.9824
0.021 *
3
1.8717
0.191
5
0.53853
0.923

Chapter 5: New Salem
Phylum
Statistics Table
Table E.9

New Salem Phylum Level statistics comparing un-rarified and rarified data
Variable

Sex
Age Group
Tooth Sampled
Mandible or Maxilla
Ancestry
Dental Caries
Linear Enamel
Hypoplasia
Grave Marker Date

df
2
2
1
1
4
1

Normal
F1
p value
0.98647
0.41
0.65104
0.727
0.4393
0.866
9295
0.47
0.53904
0.958
1.269
0.271

1
1

1.5079
4.5036

0.168
0.09

Rarified to lowest sample
df
F1
p value
2
0.93109
0.438
2
0.80701
0.561
1
0.88835
0.5
1
0.63509
0.494
4
1.2467
0.313
1
2.8258
0.07
1
1
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0.58154
1.7231

0.501
0.139

Rarified to 1m reads
df
F1
p value
2
0.3424
0.895
2
0.63598
0.656
1
0.61521
0.711
1
1.2398
0.286
4
1.1355
0.408
1
2.4038
0.134
1
-

0.0627
-

0.948
-

Family
Statistics Table
Table E.10

New Salem Family Level statistics comparing un-rarified and rarified data
Variable

Sex
Age Group
Tooth Sampled
Mandible or Maxilla
Ancestry
Dental Caries
Linear Enamel
Hypoplasia
Grave Marker Date

df
2
2
1
1
4
1

Normal
F1
p value
0.88752
0.531
0.58407
0.861
0.57411
0.79
0.65405
0.746
0.607
0.946
1.4035
0.22

1
1

1.2303
3.3022

0.252
0.09

Rarified to lowest sample
df
F1
p value
2
0.85598
0.521
2
0.57494
0.819
1
0.94872
0.493
1
0.4397
0.735
4
0.99163
0.441
1
2.0992
0.113
1
1
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0.51919
2.306

0.645
0.139

Rarified to 1m reads
df
F1
p value
2
0.47467
0.869
2
0.48202
0.852
1
0.81887
0.523
1
0.82443
0.41
4
0.9197
0.528
1
1.9127
0.179
1
-

0.37487
-

0.69
-

Genus
Statistics Table
Table E.11

New Salem Genus Level statistics comparing un-rarified and rarified data
Variable

Sex
Age Group
Tooth Sampled
Mandible or Maxilla
Ancestry
Dental Caries
Linear Enamel
Hypoplasia
Grave Marker Date

df
2
2
1
1
4
1

Normal
F1
p value
0.85634
0.556
0.58534
0.86
0.54765
0.79
0.92022
0.474
0.63015
0.935
1.5231
0.174

1
1

1.1899
3.5751

0.268
0.09

Rarified to lowest sample
df
F1
p value
2
0.78804
0.635
2
0.61979
0.807
1
0.90066
0.578
1
0.63148
0.614
4
1.264
0.257
1
2.2034
0.086
1
1
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0.48283
2.5493

0.731
0.072

Rarified to 1m reads
df
F1
p value
2
0.74287
0.723
2
0.35458
0.614
1
0.90403
0.558
1
0.38386
0.716
4
0.73054
0.678
1
2.69
0.095
1
-

0.56016
-

0.0541
-

Chapter 6: Combined Analyses
Phylum
Statistics Table
Table E.12

Combined Phylum Level statistics comparing un-rarified and rarified data
Variable
df

Normal
F1

Time Period
Sex
Tooth Sampled
Mandible or Maxilla

11
2
3
1

1.6112
2.069
1.2624
0.66939

Agriculture Time Period
Age Group

5
4

2.2257
1.3047

p value

df

F1

0.009 **
0.033 *
0.23
0.668
0.001
***
0.208

11
2
3
1

3.3534
1.4806
2.1953
1.2973

5
4

3.7628
0.95591
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p value
0.001
***
0.211
0.022 *
0.275
0.001
***
0.42

df

F1

11
2
3
1

3.3343
0.64023
2.707
2.3672

5
4

3.7106
0.9715

p value
0.001
***
0.656
0.015 *
0.084
0.001
***
0.485

Family
Statistics Table
Table E.13

Combined Family Level statistics comparing un-rarified and rarified data
Variable
df

Normal
F1

Time Period
Sex

11
2

2.3005
1.7428

Tooth Sampled
Mandible or Maxilla

3
1

1.8117
0.9503

Agriculture Time Period
Age Group

5
4

2.7896
1.2193

p value
0.001
***
0.039 *
0.017 *
0.422
0.001
***
0.2

df

F1

11
2

3.8904
1.2794

3
1

3.3145
1.0568

5
4

3.7789
0.96261
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p value
0.001
***
0.212
0.001
***
0.385
0.001
***
0.492

df

F1

11
2

3.8567
0.84563

3
1

3.8437
0.99744

5
4

3.9305
0.9726

p value
0.001
***
0.529
0.001
***
0.408
0.001
***
0.436

Genus
Statistics Table
Table E.14

Combined Genus Level statistics comparing un-rarified and rarified data
Variable
df

Normal
F1

Time Period
Sex

11
2

2.1297
1.5695

Tooth Sampled
Mandible or Maxilla

3
1

1.894
0.84017

Agriculture Time Period
Age Group

5
4

2.6504
1.277

p value
0.001
***
0.058
0.006 **
0.56
0.001
***
0.142

df

F1

11
2

3.0901
1.0439

3
1

2.7348
0.9937

5
4

3.2533
1.2271
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p value
0.001
***
0.386
0.001
***
0.428
0.001
***
0.187

df

F1

11
2

3.4221
0.63672

3
1

3.4185
0.77769

5
4

3.5859
0.951

p value
0.001
***
0.778
0.001
***
0.55
0.001
***
0.462

Table E.15

Pairwise Adonis Permanova Agricultural Zones Comparisons
Number
1
2
3
4
5

Zones
Z1-Z2
Z1-Z3
Z1-Z4
Z1-Z5
Z1-Z6

# of Samples
34
37
26
27
31

df
4
5
3
2
2

F1
1.9585
1.5755
1.3183
1.7105
3.7757

R2
0.212
0.20263
0.15238
0.12476
0.21241

6
7
8
9
10
11
12
13
14
15

Z2-Z3
Z2-Z4
Z2-Z5
Z2-Z6
Z3-Z4
Z3-Z5
Z3-Z6
Z4-Z5
Z4-Z6
Z5-Z6

33
22
23
27
25
26
30
15
19
20

5
5
2
3
5
5
5
4
4
1

1.642
1.1743
1.6628
2.3422
1.5579
1.3351
2.5257
0.82926
1.8993
3.6782

0.23318
0.26845
0.14257
0.23402
0.29076
0.25025
0.34477
0.24908
0.35177
0.16967
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p value
0.003 **
0.033 *
0.177
0.051
0.001
***
0.018 *
0.222
.02 *
.002 **
0.071
0.139
.001 ***
0.721
.008 **
0.001
***

APPENDIX F
ANALYSES OF SAMPLING BLANKS, EXTRACTION BLANKS, AND CONTROL
BLANKS
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Blanks
Post Processing Blanks
The blanks were processed in the same manner as all other samples. They are designated in Table F.1 as to which type of
sample they are; Sampling blank, Swab of the Hood, Extraction blank, or Library blank. The average GC content was 49% for these
blank samples.
Post-Paleomix FASTQC
The data that came out of Paleomix is reported in Table F.1. The blanks contained an average of 6.9 million reads and 89.7
base pairs in length. It also has an average of 88.9% sequence similarity.
Table F.1
Sample
Name
EB1
EB2
EB3
EB4
EB5
EB6
EB7
EB8
EB9

Blank Sample Data
Extraction Sample Type
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank
Extraction Blank

MultiQC
% Duplication
95.2
96.5
96.5
93.6
91.6
94.8
92.8
91.8
89.6

Well aligned read
pairs
22,876
22,441
70,236
30,507
44,129
26,570
1,408,062
153,163
34,311,531
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Discarded
mate pairs
32
635
6,694
1,744
2,275
871
1,949
934
23,519

Full-length
collapsed pairs
23,026
21,795
63,501
28,740
41,818
25,674
1,392,893
151,169
33,090,666

Avg length of
reads (bp)
83.4
91.6
91.9
93.9
89.4
93.2
84.0
83.5
98.1

Table F.1 (continued)
Sample
Name
EB10
EB11
LB0
LB1
LB2
LB3
LB4
LB5
LB6
LB7
T8
T24
T61
T69
M1
M2
M11
NS1
NS2

Extraction Sample Type
Extraction Blank
Extraction Blank
Library Blank
Library Blank
Library Blank
Library Blank
Library Blank
Library Blank
Library Blank
Library Blank
Swab of Sampling Hood
Sampling Control
Sampling Control
Sampling Control
Sampling Control
Swab of Sampling Hood
Swab of Sampling Hood
Sampling Control
Swab of Sampling Hood

MultiQC
% Duplication
96.4
78.8
95.7
95.7
89.8
98.4
77.4
72.8
89.5
64.1
72.3
97.0
92.6
41.8
94.7
90.2
98.5
96.2
91.9

Well aligned read
pairs
654,178
2,783
31,010
1,266,512
9,731,745
602,110
27,432,025
21,998,419
12,818,884
39
54,583,653
1,633,043
8,760,644
43,347,629
15,481,318
5,117,354
33,100,418
2,239,428
6,931,039
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Discarded
mate pairs
22,712
10
74
32,407
34,954
13,792
25,891
10,068
56,422
25,764
65,717
69,163
69,226
8,954
78,057
58,793
29,423
25,879

Full-length
collapsed pairs
626,529
2,772
30,783
1,224,570
9,339,000
586,940
26,468,289
21,886,937
12,669,246
39
25,764
967,459
7,198,762
37,580,531
1,546,897
3,893,164
27,161,784
1,682,852
5,599,865

Avg length of
reads (bp)
90.8
81.0
102.4
91.4
105.0
90.6
94.4
79.4
85.3
82.1
91.9
90.7
87.1
87.2
67.7
89.7
103.6
88.9
94.4

Kraken2 Analysis
In Figure F.1, These were filtered to be above 1,000 reads identified with Kraken2. It can
be seen that the majority of reads from the sequencing were not identified, and the majority of
those that identified were Homo, potentially indicating user error during extraction.

Figure F.1

Kraken2 Reads from Sample Blanks
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